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Abstract 
This research project has been a laboratory based experimental study on the 
cycling of sulfur in acid sulfate soils and underlying sediments of floodplain 
wetlands. Of particular focus was the effect that the reductive transformations 
of sulfur can have on nitrogen and phosphorus cycling. The objectives of this 
study were to quantify the rates at which sulfidic material forms, the controls 
on these rates, and to analyse the nutrient pulse from the sediments under a 
low redox potential.  
In-vitro experiments simulating inundation were conducted on sediments 
collected from three wetlands of the Lower River Murray. Two were salt 
disposal basins and another was a freshwater wetland.  Experimental data 
collected indicates that significant amounts of nitrogen and phosphorus will be 
released from the sediments when inundated and anoxia is induced. The pulse 
of nutrients from the sediments related to the geochemistry of the sediments, 
as well as the hydrological regime. Partial drying and oxidation of sulfidic 
material results in the formation of poorly crystalline iron (oxyhydr)oxide 
minerals, which sorb phosphorus, with reductive dissolution following 
inundation liberating sorbed phosphorus. The high calcium concentrations in 
the salt disposal basins can potentially occlude the phosphorus through the 
formation of apatite minerals. The result is that phosphorus is limiting primary 
production in salt disposal basins and nitrogen is limiting in the freshwater 
systems. 
The pulse of nitrogen and phosphorus has the potential to increase algal 
growth. Consequently, the increased algal growth and subsequent availability 
of energy sources for microbial metabolism could increase the rate of sulfide 
production. This research will enable land and catchment managers to better 
manage sediment and water quality in the Murray-Darling Basin. 
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Glossary and Terms 
Sulfidic Material - A subsoil, waterlogged, mineral or organic material that contains oxidisable 
sulfur compounds, usually pyrite and iron monosulfide, that has a pH greater than 4 (Isbell, 2002). 
Sulfuric Material - Soil that has a pH less than 4 caused by the oxidation of sulfidic material 
(Isbell, 2002).  
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Chapter 1. Introduction 
In recent years, it has become increasingly apparent that water resource management strategies 
have had a deleterious effect on inland waterways and floodplain areas in southeastern Australia.  
In order to satisfy the economic and political impetus for river navigation, intensive agriculture 
and flood mitigation since European settlement, the morphology of surface water networks in 
Australia has been changed. New water storage infrastructure aids the extraction and exploitation 
of water resources.  However,  the change to the spatial and temporal availability of water has 
removed the natural rhythm of high and low flow periods and imposed a new flow régime, which 
for  some areas upstream of control structures, has resulted in permanent inundation.  
A major environmental issue associated with this river regulation and water resource exploitation 
has been the increased salinisation of water and soil resources (Evans and Kellett, 1989). The 
management of water levels in rivers, vegetation clearing, coupled with increased water extraction 
and irrigation has led to increased recharge of floodplain aquifers (Lamontagne et al., 2004). The 
resulting perched water tables have increased water and floodplain salinisation in low-lying 
regions within southeastern Australia.  
Floodplain and water salinisation is generally equated with salts of sodium and chloride, with 
management strategies often based on the physics of solvent and solute movement within 
floodplain aquifers. Little attention has been given to the effect that increased salinisation may 
have on biogeochemical cycling in inland waterways. Sodium and chloride are known to behave 
conservatively in the environment, but other elements such as sulfur, typically encountered as 
sulfate (SO42-), have complicated biogeochemical cycles, particularly in sub-aqueous 
environments (Lamontagne et al., 2004).  
Sulfur undergoes cyclic biotically and abiotically mediated transformations in the environment 
(Howarth and Stewart, 1992), which depend on the prevailing redox environment. These changes 
in redox environments are brought about through primary production, as oxygen is released 
during photosynthesis and consumed by respiration of organic matter (Stumm and Morgan, 1996). 
Increased anthropogenic inputs of nutrients, principally nitrogen and phosphorus, from intensive 
agriculture and settlement has increased the rate of primary production in inland waterways and 
raised the trophic status of these waterways (Cullen, 1986).  
Under the low redox potentials found in permanently inundated sub-aqueous environments, 
bacteria can utilise sulfate as an oxidant and organic matter as an energy source and reductant 
during metabolism. During this anaerobic process, bacteria respire carbon dioxide and reduce 
sulfur from its oxidised state (S6+) to its reduced state as sulfide (S2-).  The reduced sulfur is then 
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mineralised and typically precipitated out of solution following reactions with particulate 
inorganic material (Berner, 1970).  
Under the anoxic conditions found in permanently inundated waterways, the sulfidic material are 
relatively benign (Lamontagne et al., 2004). However, under a higher redox potential, for 
example, following exposure to atmospheric oxygen, the sulfide minerals oxidise to liberate 
acidity. These issues have been brought to the attention of land managers due to a prolonged and 
severe drought experienced in southeastern Australia over the last decade. Reduced rainfall in 
much of southeastern Australia during this period saw water levels in inland waterways at their 
lowest levels for many decades, which at the same time exposed previously inundated sediments 
to the atmosphere (McCarthy et al., 2006).  
Under natural conditions, the accumulation of sulfidic material would be abated during the annual 
cycle of high and low flows. However, the changes to the hydrological régime brought about 
through water resource management strategies have removed this natural cycle of seasonal 
changes in redox conditions and have promoted conditions favourable to sulfur reduction in 
floodplain wetlands. As a consequence, there has been a continued and unabated accumulation of 
environmentally significant quantities of sulfidic material in sub-aqueous sediments in the inland 
waterways of southeastern Australia. 
The effect on the environment resulting from the oxidation of sulfidic material is well known, 
particularly in coastal areas due to acid sulfate soils (ASS) (Dent and Pons, 1995), and mining 
through acid mine drainage (AMD) (Drever, 1982).  The sulfidic material found in inland 
waterways are very recently formed by contemporary bacterial activity (Wallace, 2005), whereas 
the sulfide deposits associated with ASS were formed and deposited during the last sea level 
maximum, ~10ka, (Sammut and Lines-Kelly, 1996), and the deposits associated with AMD 
derived from igneous metal sulfide and coal deposits formed over geological time scales (Drever, 
1982; Stumm and Morgan, 1996). 
Given the environmental issues associated with ASS and AMD, there has been a great deal of 
research domestically and internationally into the oxidative transformation of sulfur in the 
environment (Arkesteyn, 1980; Moses et al., 1987; White et al., 1997). Research is also currently 
being conducted into the oxidation of sulfidic material in inland areas (Fitzpatrick et al., 2008; 
Fitzpatrick et al., 2009). The reductive transformation of sulfur in inland aquatic environments is 
well known overseas (Berner, 1970; Berner, 1984), but until recently little research has been 
conducted into the reductive transformations of sulfur in inland Australia.  
2 
 
3 
To guide this research project, the paradigm developed here is that spatial and temporal changes 
in water supply have promoted conditions favourable to high rates of bacterial sulfur reduction in 
floodplain wetlands in low-lying regions of southeastern Australia.   
Building from this paradigm, the aims of this study are to determine the controls and rates of 
formation of sulfidic material in floodplain wetlands. The interrelationship between the sulfur 
cycle and those of carbon, nitrogen and phosphorus dictates that the cycling of sulfur cannot be 
studied in isolation. Hence, a secondary aim is to determine the effect that sulfur cycling can have 
on these other cycles.  
This research project has been a laboratory based experimental study on the cycling of sulfur in 
the sediments of floodplain wetlands.  The objectives of this study were to quantify the rates at 
which sulfidic material form, the controls on these rates, and to analyse the nutrient pulse from the 
sediments under a low redox potential.  
Based on their physicochemical properties, their size and location, and previous research, three 
wetlands from the Riverland region of South Australia were selected for this study. Two salt 
disposal basins, the Berri Evaporation Basin and the Loveday Disposal Basin, were selected to 
determine the effect of increased salinity on biogeochemical cycling. Research at the Loveday 
Disposal Basin has been ongoing since 2004 and there exists a considerable knowledge base from 
which to build. The Berri Evaporation Basin was selected as an analogue to the Loveday Basin to 
ascertain if processes at Loveday were representative of wetlands with similar characteristics. 
Mussel Lagoon is a freshwater wetland and lies adjacent to the Loveday Disposal Basin and was 
selected to provide a comparison of processes in freshwater as opposed to the saline waters and 
sediments found in Berri and Loveday (Beavis et al., 2006; Higgins, 2006; Lamontagne et al., 
2004, 2006; Lamontagne et al., 2008; Wallace, 2005; Wallace et al., 2008; Welch et al., 2006; 
Welch, 2005). 
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Chapter 2. Review of Literature 
 Introduction 
The focus of this research project has been on the biogeochemical cycles of elements in 
floodplain wetlands of the lower Murray River. The spatial and temporal changes to the water 
cycle in the lower Murray region coupled with intensive agriculture and salinity have altered the 
cycling of elements within these wetlands. The effect of water resource management has been a 
near permanent water cover in many low-lying floodplain areas, disrupting the biogeochemical 
cycles in these waterways (Lamontagne, 2003; Nielsen, 2003). 
However, in the last decade, a severe and prolonged drought, together with increasing over-
allocation of water in the Murray-Darling Basin, reduced the water level of many streams and 
wetlands, with associated implications for nutrient cycling, and particularly sulfur cycling.  
This chapter first describes the anaerobic redox sequence, and then discusses the biogeochemical 
cycles of carbon, sulfur, iron, phosphorus and nitrogen. As the research conducted has focused on 
the interrelationships between these cycles, there is a deliberate repetition of information. 
 Wetland Biogeochemistry 
Wetlands ecosystems are characterised by soils that are episodically waterlogged, and which often 
have high organic matter content (Young, 2001). These episodic periods of waterlogging and 
drying control the cycling of nutrients and carbon in floodplain wetland ecosystems (Young, 
2001). The most important chemical effect of waterlogging is a reduction in the redox potential 
brought about by the degradation of organic matter and microbial metabolism (Manahan, 2005). 
When saturated, wetland environments are oxic (enriched in oxygen) at the surface due to 
photosynthesis, and anoxic (depleted in oxygen) at depth due to respiration (Giblin and Wieder, 
1992). This allows for a spectrum of redox reactions to occur. Redox reactions occur through 
electron transfer from one atom to another and are the basis of biogeochemical cycling (Zumdahl, 
1997). These electron transfer reactions are kinetically inhibited and proceed more rapidly 
through bacterial catalysis in the environment and have the effect of restoring chemical 
equilibrium. The measure of a system’s ability to supply electrons is known as the redox 
potential, Eh. 
Living organisms are thermodynamically unstable and require a continual source of energy to 
survive (Reddy and DeLaune, 2008). This energy is initially supplied from the sun; 
photosynthesis traps solar energy in chemical bonds as complex organic matter is synthesised 
(Reddy and DeLaune, 2008; Stumm and Morgan, 1996). The energy input maintains organisms in 
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a state with disequilibrium speciation of carbon, nitrogen, oxygen, phosphorus and sulfur (Stumm 
and Morgan, 1996).  
To drive the metabolic processes that maintain their disequilibrium steady state, bacteria and other 
respiring organisms catalyse redox reactions utilising the organic products of photosynthesis as an 
energy source during heterotrophic respiration (Stumm and Morgan, 1996). This energy results 
from the electron transfer from the reduced carbon to electron acceptors such as oxygen, nitrate 
and sulfate.  
 Redox Conditions and Processes in 
Freshwater Wetlands 
The redox conditions and processes in freshwater wetlands are influenced by the cycling of 
carbon. 
Carbon cycling involves continual synthesis and degradation of organic molecules (Stumm and 
Morgan, 1996). Carbon cycling in wetland ecosystems provides the energy required for aquatic 
organisms to survive. This energy is obtained directly from the sun through photosynthesis as 
organic molecules are synthesised, or transferred through the breakdown of photosynthetic 
organisms (Stumm and Morgan, 1996). These two processes, as well as the supply of electron 
acceptors exert controls on the redox environments in aquatic ecosystems (Drever, 1982). 
2.3.1. Photosynthesis  
Carbon fixation during photosynthesis reduces carbon from its oxidised state to a reduced state 
(Reddy and DeLaune, 2008). During photosynthesis, autotrophic organisms utilise solar energy to 
convert carbon dioxide to organic matter and oxygen, as shown in its simplest form in Equation 
2.1 (Drever, 1982):  
𝐶𝐶𝑂𝑂2
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡
�⎯⎯⎯⎯⎯�𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 + 𝑂𝑂2 (2.1) 
This initial gain of energy from the sun and the synthesis of organic molecules is termed primary 
production. 
 
However, photosynthesis requires more than just sunlight and carbon dioxide. Autotrophs1 such 
as plants require nutrients obtained from nitrogen compounds, phosphorus compounds, and a 
1 Organisms capable of producing complex organic molecules from carbon dioxide during photosynthesis 
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range of trace elements. A more complex relationship that includes these components is given in 
Equation 2.2 (Stumm and Morgan, 1996):  
In surface waters, these plants are usually microscopic algae, which will grow until the 
availability of nutrients is limited, resulting in high concentrations of organic matter (Stumm and 
Morgan, 1996). Equation 2.2 also demonstrates the role that phosphorus plays in the rate of 
primary production in the aquatic environment. One mole of phosphorus has the potential to result 
in the fixation of 106 atoms of carbon and the production of 138 molecules of oxygen and it is 
most often the limiting nutrient in primary production in terrestrial ecosystems.  
2.3.2. Respiration (Oxygen Reduction) 
Photosynthesis promotes higher states of free energy and aquatic organisms that do not source 
their energy from photosynthesis, as autotrophs do, source their energy from the breakdown of 
organic molecules formed from photosynthesis during heterotrophic2 respiration (Stumm and 
Morgan, 1996). These reactions are biologically mediated as bacteria obtain a source of energy to 
meet their metabolic needs (Drever, 1982).  
The decomposition of organic molecules occurs through a succession of energy-yielding reactions 
catalysed by organisms at varying trophic (energy) levels (Drever, 1982; Stumm and Morgan, 
1996). Given that they source free energy from these decay reactions, bacteria promote and 
restore equilibrium by catalysing these reactions and decomposing the unstable products of 
photosynthesis (Stumm and Morgan, 1996). 
As the microbially mediated redox reactions involve energy gains by bacteria, preference will be 
given to those electron acceptors that yield the most energy, and occur in an order which can be 
predicted from thermodynamics (Stumm and Morgan, 1996).  The result of this preferential 
selection of electron acceptors is a sequence of reactions and zoning of redox processes as the 
supply of electron acceptors is exhausted (Stumm and Morgan, 1996).  
These redox reactions occur at successively lower Eh levels and involve the oxidation of organic 
matter and the reduction of an oxidant.  A progression of respiration reactions generate 
progressively lower energy yields which also serve to reduce organic matter  (Drever, 1982; 
Howarth and Stewart, 1992). 
2 Organisms incapable of fixing carbon dioxide and requiring organic carbon as an energy source for 
synthesis 
106CO2 + 16NO3-  + HPO42- + 122H2O + 18H+ → [(CH2O)106(NH3)16(H3PO4)] + 138O2 (2.2) 
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At the highest energy level, the succession begins with oxygen, shown in Equation 2.3, which is 
the reverse of photosynthesis (Equation 2.2).  
[(CH2O)106(NH3)16(H3PO4)] + 138O2→106CO2 + 16NO3-  + HPO42- + 122H2O + 18H+ (2.3) 
Equations 2.2 and 2.3 together maintain a steady state between the rate of photosynthetic 
production and respiration, or net primary productivity (Stumm and Morgan, 1996). The chain 
length of the organic matter is reduced as organic matter decomposes during respiration. In 
addition, stoichiometric liberation of carbon dioxide, nitrate and phosphate occurs (Redfield, 
1934; Redfield, 1958).  
2.3.3. Ecological Redox Sequence 
The result of photosynthesis and respiration in waterways is redox stratification, with a high Eh 
(redox potential) near the surf ace where photosynthesis is occurring, and a lower Eh where 
respiration is occurring, effectively forming a redox cline between oxic and anoxic conditions in 
the water column (Holmer and Storkholm, 2001). 
The accumulation of organic matter from photosynthesis in aquatic ecosystems is typically much 
greater than the rate of aerobic respiration, ultimately resulting in the complete exhaustion of 
oxygen and zones where other electron acceptors are utilised during anaerobic respiration.  
Where free oxygen has been completely consumed and anoxia is induced,  the respiration and 
decay of unstable organic matter continues through a series of energy yielding redox reactions 
(Drever, 1982; Stumm and Morgan, 1996). These anaerobic decay reactions are bacterially 
mediated by lithotrophs3 and have the effect of consuming acidity and mineralising carbon to 
either carbon dioxide or carbonate. Given the gains in free energy by bacteria, competition exists 
between bacteria for energy sources. As a result, zones form in soil and water columns where 
bacteria utilising other electron acceptors are excluded. The predominant ecological anaerobic 
redox sequence predicted from thermodynamics is shown in Figure 2-1.  
3 Organisms which utilise inorganic compounds as an electron acceptor during synthesis 
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Figure 2-1: Ecological Redox Sequence (Data from Stumm and Morgan (1996)). 
The ecological redox sequence begins with aerobic respiration and reduction of oxygen at 
the highest redox potential. Anaerobic respiration proceeds beginning with nitrate as an 
oxidant followed by manganese oxide.  
At significantly lower redox potentials, iron reduction can proceed followed by sulfate 
reduction and methanogenesis proceed under strictly anoxic conditions.   
 
Following the reduction of oxygen during aerobic respiration, the ecological redox sequence 
proceeds anaerobically with denitrification, manganese reduction, iron reduction, sulfate 
reduction and methanogenesis, with fermentation reaction occurring at various redox potentials 
(Reddy and DeLaune, 2008; Schlesinger, 1997). 
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2.3.4. Denitrification 
Following the reduction of oxygen during aerobic respiration, the sequence of anaerobic redox 
reactions continues: nitrate as an oxidant leads to the formation of nitrogen gas in denitrification 
as shown in Equation 2.4. Denitrification occurs through a series of intermediate reactions 
forming metastable intermediates as shown in Equation 2.5 (Appelo and Postma, 2007; Drever, 
1982): 5𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜  +  4𝑁𝑁𝑂𝑂3−  +  4𝐻𝐻+ → 2𝑁𝑁2  +  5𝐶𝐶𝑂𝑂2  +  2𝐻𝐻2𝑂𝑂 (2.4) 
  
𝑁𝑁𝑂𝑂3(𝑜𝑜𝑎𝑎)− → 𝑁𝑁𝑂𝑂2(𝑜𝑜𝑎𝑎)− → 𝑁𝑁𝑂𝑂(𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜𝑒𝑒𝑐𝑐𝑠𝑠𝑒𝑒𝑙𝑙) → 𝑁𝑁2𝑂𝑂(𝑠𝑠𝑜𝑜𝑠𝑠) → 𝑁𝑁2(𝑠𝑠𝑜𝑜𝑠𝑠) (2.5) 
 
The reduction of nitrate results in the formation of molecular nitrogen, a gas which has the 
diatomic molecular structure N≡N with a triple bond. The strong bonding that exists means that 
nitrogen gas is very unreactive, or inert. Denitrification can therefore be important in controlling 
the nutrient balance of aquatic ecosystems (Stumm and Morgan, 1996).  
2.3.5. Manganese and Iron Reduction 
In wetland sediments, Fe(III) and Mn(IV) can be reduced by microorganisms or strong reducing 
agents to Fe(II) and Mn(II) (Reddy and DeLaune, 2008). The oxidised forms of iron and 
manganese are typically insoluble amorphous or crystalline forms, Fe(OH)3, FeOOH, and MnO2.  
Manganese reduction proceeds where the supply of nitrate has been exhausted and occurs at a 
higher redox potential than iron reduction. Manganese reduction results in the liberation of 
soluble manganese as Mn2+ as shown in Equation 2.6:  2𝑀𝑀𝑀𝑀𝑂𝑂2 + 𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 + 3𝐻𝐻+ → 2𝑀𝑀𝑀𝑀2+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 (2.6) 
 
Iron reduction occurs at a considerably lower redox potential than manganese reduction. During 
iron reduction, oxidised iron minerals are reduced with the liberation of Fe2+ as shown in Equation 
2.7: 4𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂𝐻𝐻 + 7𝐻𝐻+ + 𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 + 𝐻𝐻2𝑂𝑂 → 4𝐹𝐹𝐹𝐹2+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− + 6𝐻𝐻2𝑂𝑂 (2.7) 
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The reduction of iron and manganese can occur abiotically through a simple redox reaction with 
organic matter, and this was long believed to be the only mechanism. However, the reaction can 
also be mediated by bacteria provided they are in contact with the mineral surface (Lovley, 1991). 
Biologically mediated processes are responsible for most of the soluble iron and manganese in 
aquatic ecosystems and are intrinsically tied to the cycling of sulfur and phosphorus. Iron and 
manganese oxides have high adsorption capacities with a high affinity for trace elements and 
oxyanions that can be sorbed to the surface.  This has the effect of regulating the concentrations of 
these elements in aquatic ecosystems (Appelo and Postma, 2007; Drever, 1982; Lovley, 1991; 
Raiswell and Canfield, 2012). Therefore, the dissolution of these manganese and iron minerals 
under low redox potentials results in the liberation of not only soluble manganese and iron, but 
the trace elements and oxyanions that were sorbed to the surfaces of these minerals (Drever, 
1982). 
2.3.6. Nitrate Ammonification 
Nitrate can be reduced to ammonium during anaerobic metabolism; this occurs at Eh values lower 
than manganese reduction, but higher than iron reduction (Stumm and Morgan, 1996). The 
process can be assimilatory and dissimilatory as nitrate is reduced to ammonium.  The 
assimilatory pathway occurs when nitrate is reduced to ammonium which is subsequently utilised 
to synthesise new cells (Page et al., 2003) (Equation 2.8). The dissimilatory pathway involves 
bacterial reduction of nitrate to ammonium, which is not incorporated into cell structures but goes 
into solution (Page et al., 2003).  
𝑁𝑁𝑂𝑂3
− + 2𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠 + 2𝐻𝐻2𝑂𝑂 + 2𝐻𝐻+ → 𝑁𝑁𝐻𝐻4+ + 2𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 (2.8) 
2.3.7. Fermentation 
Fermentation reactions, shown in Equation 2.9, can occur at various Eh values and involve the 
breakdown of complex organic compounds to organic acids and alcohols and then further to 
methane during methanogenesis, which occurs at a lower Eh (Stumm and Morgan, 1996). 
The short-chain volatile fatty acids (for example, formate and acetate) are more labile than longer-
chained fatty acids, and are ultimately the energy source for the anaerobic reactions involving 
bacteria, particularly the iron- and sulfate-reducing and methanogenic bacteria. As these reactions 
provide the energy sources for anaerobic metabolism, where carbon concentrations are low, the 
rate at which the fermentation reactions proceed can influence the rates other reactions 
particularly in polluted waterways. 
10 
 
11 
                                                                               H2 + CO2  → CH4     
Complex organic material → Organic acids  
                                                                               CH3COO- → CH4        
 
(2.9) 
(Stumm and Morgan, 1996) 
2.3.8. Sulfate Reduction 
Sulfate reducing bacteria occupy a redox niche at higher Eh than that of methanogenic bacteria.  
They require the fermentation products during metabolism (Winfrey, 1983) when they utilise 
sulfate as a terminal electron acceptor and organic carbon as an energy source, as shown in 
Equation (2.10):  
𝑆𝑆𝑂𝑂4
2−  +  2𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜  +  2𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝑆𝑆 +  2𝐻𝐻𝐶𝐶𝑂𝑂3− (2.10) 
 
In anoxic sediments, sulfate reduction can be the dominant source of carbon mineralisation, 
provided there is a ready supply of organic carbon and sulfate (Berner, 1970, 1982, 1985; Holmer 
and Storkholm, 2001). 
Sulfate reduction produces hydrogen sulfide, which is highly toxic to most aquatic organisms and 
has a characteristic odour that can also impact on the aesthetics of an ecosystem (Drever, 1982; 
Lamontagne, 2003; Lamontagne et al., 2004). Sulfide is also a powerful reducing agent and can 
convert iron (III) in oxides oxy(hydr)oxides to iron (II) in sulfides, altering the colour of 
sediments from red to black,  as well as liberating species such as phosphate and trace metals, that 
were sorbed to the surface of the iron oxides (Drever, 1982). It is these effects that are being 
investigated in this research project. 
2.3.9. Methanogenesis 
Methanogenesis is intimately tied to the processes of fermentation. The short-chained volatile 
fatty acids and carbon dioxide formed during fermentation are reduced to methane shown in 
Equation 2.11: 
 
Methanogenesis occurs at a lower redox potential than sulfate reduction and is the terminal step in 
the decay of organic molecules (Stumm and Morgan, 1996).  
𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 → 𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 (2.11) 
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Similar to sulfate reducing bacteria, methanogens can only utilise certain organic molecules as 
energy sources during metabolism, including acetate and hydrogen gas. Sulfate reducers are more 
efficient at utilising these organic molecules and outcompete methanogens even at freshwater 
sulfate concentrations (Lovley and Klug, 1983). Typically, sulfate concentrations in most waters 
are low, which results in methanogenesis occurring in a zone almost directly underlying the zone 
of sulfate reduction (Schlesinger, 1997).   
  Biogeochemical Cycling 
Biogeochemical cycling refers broadly to the cycling of matter, particularly nutrients, through an 
ecosystem (Manahan, 2005; Reddy and DeLaune, 2008). The above mentioned anaerobic redox 
sequence plays a major role in these cycles, particularly nutrient cycling, in wetland ecosystems. 
The biogeochemical cycling of these elements also involves oxidative transformations as well as 
the already mentioned reductive transformations.  
The energy trapped from the sun during photosynthesis also requires phosphorus and nitrogen, as 
well as other trace elements to proceed. As noted earlier, the supply of these nutrients can limit 
the rate of primary productivity in aquatic ecosystems, but the movements of these elements 
through a system are interconnected with one another. The focus of this research is sulfur cycling 
with a particular focus on the reduction of sulfur by bacteria and the effect that this has on other 
biogeochemical cycles. However, the cycling of sulfur is interdependent of the cycling of carbon, 
nitrogen, phosphorus and iron, and therefore sulfur cannot be studied in isolation. These other 
cycles will be described in later sections.  
2.4.1. Sulfur Cycling 
In most freshwater systems sulfur cycling plays a modest role in biogeochemical functioning and 
carbon mineralisation.  However, sulfur concentrations in most ecosystems have increased due to 
anthropogenic pollution such as acid rain and the increased exploitation of groundwater resources 
(Holmer and Storkholm, 2001). Interest has also been piqued as the trophic status of many 
waterways has changed from oligotrophic and mesotrophic to eutrophic4 due to the effect of 
sulfur cycling on the binding capacity of iron (oxyhydr)oxides and phosphorus retention (Holmer 
and Storkholm, 2001). Sulfur cycling is also important due to the oxidative transformations of 
sulfur under oxic conditions involving iron.  
Sulfur occurs in the Earth’s crust with an abundance of 0.047% and is widely distributed in both 
4 The trophic state is a measure of the productivity of a waterway. Waterways are classed as oligotrophic 
(low productivity), mesotrophic (moderate productivity) and eutrophic (high productivity) 
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free and combined forms (Grinenko and Ivanov, 1983). Sulfur undergoes cyclic transformations 
in the environment, controlled by the prevailing redox environment, and can exist in oxidation 
states from -2 (sulfide) to +6 (sulfate) (Grinenko and Ivanov, 1983).  
The most oxidised form of sulfur, sulfate, is the form of sulfur typically encountered in the 
surficial environment. Most sulfates are soluble, and occur as minerals only in evaporite deposits, 
but a few are insoluble, including calcium, strontium, lead and barium sulfates (Grinenko and 
Ivanov, 1983). The most abundant of the poorly soluble sulfates are gypsum (CaSO4·2H2O) and 
anhydrite (CaSO4). Removal of sulfur from the cycle occurs when these minerals are precipitated, 
and deposits of gypsum and anhydrite comprise the biggest sink of sulfur (Grinenko and Ivanov, 
1983).  
Sulfide, the most reduced form of sulfur, occurs in aqueous solutions and has different chemical 
and geochemical properties compared to sulfate. Figure 2-2 shows the predominant sulfur species 
at equilibrium under standard temperature and pressure (298 K and 1 atm.). Sulfide species are 
dominant only under low redox potentials (or anoxic conditions) at all pH values. Most sulfides, 
with the exception of those of the alkali metals and alkaline earths, form  insoluble mineral 
species, but when anoxic conditions change to oxic, the sulfides are oxidised to form soluble and 
transient sulfates (Brimblecombe, 2005; Goldhaber, 2005). When sulfate is exposed to anoxic 
conditions, the opposite occurs and the sulfate is reduced to insoluble sulfide, which results in the 
sequestration of metals and sulfur. However, whilst the reduction of sulfate to sulfide is 
spontaneous and thermodynamically favoured under standard temperature and pressure, the 
reaction is kinetically inhibited (Grinenko and Ivanov, 1983).  
The reduction of sulfate is catalysed by bacteria during their metabolism and is termed bacterial 
sulfate reduction. The cycling of sulfur in a wetland is shown diagrammatically in Figure 2-3.  
During microbial metabolism, sulfate is utilised as a terminal electron acceptor. The result of this 
is a change in oxidation state of sulfur from +6 to -2 and the formation of oxidised carbon, usually 
as bicarbonate, HCO3-. Sulfide, which is a by-product of this metabolism, subsequently reacts 
with particulate iron minerals to form sulfide minerals such as pyrite (FeS2) (Berner, 1970). 
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Figure 2-2: Equilibrium distribution of sulfur species in water at 298K, 1 atm, 
and [S] =10-6 (Diagram generated using the Geochemist’s Workbench®). 
The Pourbaix diagram shows the prevalence of oxidised and reduced sulfur as a function of 
redox potential and pH. Sulfate predominates at higher redox potential and sulfide at low redox 
potentials.   
Bacterial sulfate reduction occurs under anoxic conditions and the importance of sulfate reduction 
 
 
Figure 2-3: Sulfur Cycle. (Modified from Holmer and Storkholm (2001)). 
Sulfur undergoes cyclic transformations in the environment depending on the prevailing redox 
conditions. The reduction of sulfate to sulfide is biologically mediated by bacteria and occurs in 
anoxic conditions. The oxidation of sulfide to sulfate is both abiotic and biotic.  
14 
 
15 
in wetland biogeochemistry depends on the presence of labile organic matter and the supply of 
sulfate as shown in Equation 2.12 (Berner, 1970): 
𝑆𝑆𝑂𝑂4
2−  +  2𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜  +  2𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝑆𝑆 +  2𝐻𝐻𝐶𝐶𝑂𝑂3− (2.12) 
Energy sources for sulfate reduction are typically fermentation products, usually hydrogen gas 
and short chained volatile fatty acids ranging from formate up to benzoate (Holmer and 
Storkholm, 2001; Lovley and Klug, 1986; Postgate, 1979; Smith, 1981). The concentration of 
either labile organic carbon or sulfate can limit the rate of sulfate reduction. Berner (1984), gave a 
sulfate concentration of 5 mM where the rate of sulfate reduction is independent of the sulfate 
concentration and is limited by the labile organic carbon concentration in marine ecosystems.  
The species of sulfide formed is controlled by the pH of the solution, and total sulfide (or H2S in 
equations such as those above) should be taken to represent the sum of H2S, HS-, and S2- with pKa 
values shown below (I.U.P.A.C., 1969): 
𝐻𝐻2𝑆𝑆 ↔ 𝐻𝐻𝑆𝑆
− + 𝐻𝐻+ pKa = 7.04 
𝐻𝐻𝑆𝑆− ↔ 𝑆𝑆2− + 𝐻𝐻+ pKa = 12.88 
Hydrogen sulfide, H2S, is a gas at standard temperature and pressure; it contributes in part to the 
noxious odours associated with sulfide deposits and is toxic to aquatic organisms (Holmer and 
Storkholm, 2001). Sulfide is a powerful reducing agent. However, as noted above, it reacts with 
detrital minerals to form insoluble metal sulfides. By reacting with these minerals, the sulfide is 
sequestered in the sediments of wetlands, and the toxicity is minimised as these sulfide minerals 
are formed (Appelo and Postma, 2007). Sediments and soils that contain appreciable quantities of 
sulfide minerals are termed sulfidic material (Isbell, 2002).  
Sulfate reduction is often used in bioremediation, particularly in acidic environments. Inducing 
anoxia in acidic environments and promoting bacterial sulfate reduction, usually by organic 
matter, helps to neutralise acidity since H2S is a much weaker acid than H2SO4, and bacterial 
sulfate reduction generates inorganic carbon (Johnson and Hallberg, 2005). 
Formation of Sulfidic Material 
In natural surficial environments, the formation of sulfidic material begins with bacterial sulfate 
reduction. The reduced sulfur formed during this process reacts with dissolved iron (and other 
cations) to form sulfide minerals, initially forming iron monosulfide as shown in Equation 2.13: 
𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2𝑆𝑆 → 𝐹𝐹𝐹𝐹𝑆𝑆 + 2𝐻𝐻+ (2.13) 
The monosulfide formed in Equation 2.13 is a metastable intermediate and has been difficult to 
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characterise given its reactivity and the rate at which it oxidises on exposure to air (Pyzik and 
Sommer, 1981). Iron monosulfide stains sediments black and is commonly referred to as 
monosulfidic black ooze (MBO) or acid volatile sulfide (AVS), as it readily dissolves in 
hydrochloric acid to form hydrogen sulfide (Bush et al., 2004). A more stable sedimentary sulfide 
mineral is pyrite, which forms through an oxidation reaction with H2S as shown in Equation 2.14 
(Schoonen, 2004): 
𝐹𝐹𝐹𝐹𝑆𝑆 + 𝐻𝐻2𝑆𝑆 → 𝐹𝐹𝐹𝐹𝑆𝑆2+𝐻𝐻2 (2.14) 
As well as the reaction of FeS with elemental sulfur (Berner, 1984): 
𝐹𝐹𝐹𝐹𝑆𝑆 + 𝑆𝑆0 → 𝐹𝐹𝐹𝐹𝑆𝑆2 (2.15) 
The elemental sulfur in Equation 2.15 is a product of anaerobic oxidation, where reduced sulfur, 
H2S or bisulfide HS-, is oxidised to elemental sulfur, S0, by Iron (III), Manganese (IV) or another 
metal ion .  
The oxidation of reduced sulfur to elemental sulfur by iron (II) is shown in Equation 2.16 (Lovley 
and Phillips, 1994; Steudel, 1996): 
𝐻𝐻2𝑆𝑆 + 2𝐹𝐹𝐹𝐹3+ → 𝑆𝑆0 + 2𝐻𝐻+ + 2𝐹𝐹𝐹𝐹2+ (2.16) 
Whilst represented in Equation 2.16 as S0, the reaction is thought to proceed through a 
polysulfide, which is a mix of both S0 and S(-II), with the sulfur in pyrite being −22S , which is a 
mix of both S2- and S0 (Rickard, 2012). Equation 2.15 can be written as (Rickard, 2012): 
𝐹𝐹𝐹𝐹𝑆𝑆 + 𝑆𝑆𝑠𝑠(−𝐼𝐼𝐼𝐼) → 𝐹𝐹𝐹𝐹𝑆𝑆2 + 𝑆𝑆(𝑠𝑠−1)(−𝐼𝐼𝐼𝐼) (2.17) 
As noted earlier, hydrogen sulfide is toxic to aquatic organisms, however, the reaction with iron 
limits this toxicity, since the formation of metal sulfides limits the concentration of dissolved 
sulfide as well as sequestering heavy metals in wetland sediment (Megonigal et al., 2005). If the 
concentration of H2S is very high for a prolonged period of time, then the formation of sulfide 
minerals can be limited by the presence of detrital iron minerals (Berner, 1970).  
Sulfide Oxidation 
Pyrite is stable at a low Eh and remains benign unless exposed to oxidising conditions, where it 
oxidises to form sulfuric acid. The overall reaction is shown in Equation 2.18 (Appelo and 
Postma, 2007): 
𝐹𝐹𝐹𝐹𝑆𝑆2 + 72𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹2+ + 2𝑆𝑆𝑂𝑂42− + 2𝐻𝐻+ (2.18) 
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Pyrite oxidation to sulfate by oxygen releases ferrous iron and acidity. Furthermore the ferrous 
iron produced from the initial oxidation of pyrite with oxygen can be further oxidised by oxygen 
shown in Equation 2.19: 
𝐹𝐹𝐹𝐹2+ + 1 4� 𝑂𝑂2 + 𝐻𝐻+ → 𝐹𝐹𝐹𝐹3+ + 1 2� 𝐻𝐻2𝑂𝑂 (2.19) 
   
Unless the pH is extremely low, the ferric iron formed is hydrolysed to form a precipitate of 
ferrihydrite shown in Equation 2.20 (Watts and Teel, 2005): 
𝐹𝐹𝐹𝐹3+ + 3𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻)3 + 3𝐻𝐻+ (2.20) 
 
If the pH is below ~4, Equation 2.19 can be catalysed by bacteria, sp. Acidithiobacillus 
ferrooxidans and can increase the rate of oxidation by several orders of magnitude (Appelo and 
Postma, 2007). The ferric iron produced can also be reduced by pyrite, shown in Equation 2.21, 
and sulfide is again oxidised. 
𝐹𝐹𝐹𝐹𝑆𝑆2 + 14𝐹𝐹𝐹𝐹3+ + 8𝐻𝐻2𝑂𝑂 → 15𝐹𝐹𝐹𝐹2+ + 2𝑆𝑆𝑂𝑂42− + 16𝐻𝐻+ (2.21) 
The reduction of iron by pyrite produces significantly more acidity than the abiotic reactions 
involving atmospheric oxygen and generates significantly more acidity (Moses and Herman, 
1991; Moses et al., 1987; Singer and Stumm, 1970). The ferrous iron produced from the oxidation 
of pyrite is oxidised via Equation 2.19, providing a fast autocatalytic mechanism for the 
generation of significant quantities of acidity which can occur in the absence of dissolved oxygen 
(Bierens de Haan, 1991; Moses et al., 1987; Nordstrom, 1982; Somerville et al., 2004).  
The oxidation of sulfides in sulfidic material does not necessarily mean that sediments and soils 
will become sulfuric material. The formation of these minerals generates alkalinity through the 
mineralisation of organic carbon to carbonate during anaerobic metabolism, which in many 
instances provides ample buffering capacity to offset the acidity generated during oxidation. 
However, this depends on the hydrologic régime and the degree of openness of the system as 
alkalinity can be exported form the system. 
The oxidation of sulfide minerals in the environment is well documented, given the deleterious 
effects of the low pH associated with the generation of acidity. Sulfide minerals are frequently 
encountered in mineral deposits including sulfide ore bodies and coal deposits, the exploitation of 
which can lead to acid mine drainage (Blowes et al., 2005). Sulfide minerals are also often 
encountered in coastal areas, where Holocene age deposits of these minerals were laid down 
during the last sea level rise. The soils that have developed from these marine sediments through 
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pedogenic processes are common in low-energy tidal environments. It is now evident most of 
Australia’s coastal lowland areas are underlain with sulfidic material and sulfide-rich sediments 
(Dent, 1986; White et al., 1997). Often, the management strategy employed to mitigate the 
oxidation of sulfidic material is to inundate the soils and sediments with water to induce anoxia 
and halt oxidation (Simpson, 2008; White et al., 1997). 
2.4.2. Iron Cycling 
The cycling of sulfur in the aquatic environment is intrinsically tied into the cycling of iron 
(Raiswell and Canfield, 2012). The oxidation and reduction of iron in wetlands mediates the 
concentrations of many other elements. The interaction of iron in the environment with other 
elements can be grouped into abiotic and biotic processes (Raiswell and Canfield, 2012).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
The hydrated ferric oxides formed through the oxidation of ferrous iron have a surface charge, 
and therefore ions in solution will sorb onto these surfaces (Appelo and Postma, 2007; Stumm and 
Morgan, 1981). This surface charge is highly variable and is governed by protonation and 
deprotonation reactions or the acid-base behaviour of the surface hydroxyl groups, meaning that 
the surface charge is pH dependent. The protonation and deprotonation reactions of goethite are 
given in Equation 2.22 as an example (Stumm and Morgan, 1996) :  
≡FeOH2+ ↔ ≡FeOH + H+↔ ≡FeO- + H+ (2.22) 
Most oxides, oxyhydroxides and hydroxides of aluminium and iron possess this amphoteric 
behaviour, with the surface charge being positive at low pH values and negative at high pH values 
(Stumm and Morgan, 1996). The importance of this surface charge comes from the ability of 
oxyanions to adsorb onto these surfaces (Stumm and Morgan, 1996). The variable charge allows 
these solids to sorb ions from solution without exchanging other ions in equivalent proportion as 
is the case with ion exchange (Stumm and Morgan, 1996). This is significant in wetland 
ecosystems with both oxic and anoxic conditions, because it exerts controls on the cycling of 
phosphorus. A more detailed description of phosphorus cycling is provided below, however, it 
should be noted here that phosphorus, encountered as the oxyanion orthophosphate PO43-, sorbs 
very strongly to the iron (oxyhydr)oxides and becomes sequestered and occluded in sediments 
(Stumm and Morgan, 1996). This is significant for biogeochemical cycling in these environments, 
because the iron (oxyhydr)oxides are soluble under the low Eh in the anoxic environments of 
permanently inundated and waterlogged soils and sediments.  The Pourbaix diagram for iron at 
298K and 1 atm. shown in Figure 2-4 highlights the instability of iron at low Eh and acidic pH 
values.   
The reduction of iron (oxyhydr)oxides can be an abiotic reaction, particularly in the presence a 
powerful reducing agent such as sulfide, as shown in Equation 2.23 (Appelo and Postma, 2007; 
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Baldwin, 2007; Canfield et al., 1993).  
𝐻𝐻2𝑆𝑆 + 𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂𝐻𝐻 + 4𝐻𝐻+ → 𝑆𝑆0 + 2𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2𝑂𝑂 (2.23) 
 
In addition, the reduction of iron (oxyhydr)oxides can also be microbially mediated as shown in 
Equation 2.24 (Lovley, 1991): 4𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂𝐻𝐻 + 7𝐻𝐻+ + 𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 → 4𝐹𝐹𝐹𝐹2+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− + 5𝐻𝐻2𝑂𝑂 (2.24) 
The biologically mediated reduction of iron (oxyhydr)oxides is an important process in the 
mineralisation of organic matter in wetland ecosystems and supplements abiotic dissolution 
(Gachter, 2003). Iron reduction and the liberation of ferrous iron  ultimately provides a buffer 
against increasing dissolved sulfide concentrations as the ferrous iron ultimately forms iron 
sulfide, (both pyrite and  monosulfides) as well as buffering the concentrations of trace metals 
sorbed to the surface of the iron (oxyhydr)oxides (Poulton et al., 2004).  
The reduced iron produced from iron reduction of sulfide oxidation is reoxidised at the anoxic-
oxic boundary, and iron (oxyhydr)oxides may represent a significant component of the settling 
particles (Singer and Stumm, 1970); this is shown diagrammatically in Figure 2-5. 
This process effectively forms a redox buffer that limits the spread of pollutants which are 
generally more soluble under oxidising conditions (Stumm and Morgan, 1996) 
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Figure 2-4: Equilibrium Diagram for Iron at 298K, 1 atm. and [Fe] = 10-6. 
(Diagram generated with the Geochemist’s Workbench®) 
The Pourbaix diagram for iron shows that the dominant form of iron at neutral pH and higher 
redox potentials is as goethite; ferrihydrite can also occur metastably. Under lower redox 
potentials, goethite is unstable and dissolves to liberate ferrous iron (Fe2+).  
 
 
Figure 2-5: Iron Cycle 
The cycling of iron in wetland sediment’s involves the reductive and oxidative transformation 
of iron between oxidation states, Fe3+  ↔Fe2+. Coincident with these processes are the 
liberation of trace metals and phosphate under reducing conditions, but the sorption of these 
elements to Fe (oxyhdr)oxides under oxidising conditions, effectively forming a ‘redox’ buffer 
for the transport of these species.  
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The Pourbaix diagram for the Fe-S system (Figure 2-6) shows the predominant iron and sulfur 
species at 298 K and 1 atm.. The predominant species is goethite for high pH and Eh, but 
reduced aqueous ferrous iron at the lower pH and Eh. The stability field for pyrite is narrow, 
around circum-neutral pH and low Eh. 
 
 
 
Figure 2-6: Equilibrium diagram for the Fe-S system at 298K and 1 atm.                
([Fe] and [S] = 10-6) (Diagram generated using the Geochemist’s Workbench®). 
The Pourbaix diagram for the Fe-S system showing predominant dissolved species and stable 
solid phases. Goethite is the most predominant mineral phase at high redox potentials, while 
pyrite and troilite (non-stoichiometric pyrrhotite Fe1-XS) occur at lower redox potentials and 
magnetite at higher pH values.  
2.4.3. Phosphorus cycling 
Phosphorus is an essential macronutrient and is often the limiting nutrient in primary productivity, 
particularly in freshwater ecosystems (Stumm and Morgan, 1996). Phosphorus is ultimately 
sourced from phosphate minerals in weathered rocks and atmospheric inputs such as soil particles, 
pollen, and the particulates associated with the burning of coal, oil and plants (Berner and Berner, 
1996).  
 Phosphorus is an essential nutrient in the production of organic matter, and the amount of 
phosphorus sourced from weathered rocks is considerably less than that incorporated into organic 
matter. The deficit is made up from the recycling of biological material as noted above (Berner 
and Berner, 1996). There is a biological conservation of phosphorus, so the phosphorus released 
through the respiration of organic matter tends to be rapidly cycled back into organic matter 
(Berner and Berner, 1996).  
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Due to phosphorus being sourced principally from weathering, it is mainly in an insoluble form as 
the calcium phosphate, apatite Ca5(PO4)3(F, Cl, OH). If released as soluble phosphate, it is 
quickly sorbed into soil and sediments by iron, aluminium, calcium or clay minerals to produce 
biologically inaccessible insoluble forms (Berner and Berner, 1996). This inaccessibility of 
phosphorus in aquatic environments means it is often a limiting nutrient in primary productivity 
(Berner and Berner, 1996). 
Unlike other elements, the biogeochemistry of phosphorus does not entail changes in redox state 
or a stable gaseous phase, but protonation and deprotonation reactions occur, as shown below in 
Equations 2.25, 2.26, and 2.27 (Stumm and Morgan, 1996):  
𝐻𝐻3𝑃𝑃𝑂𝑂4 ↔ 𝐻𝐻2𝑃𝑃𝑂𝑂4
− + 𝐻𝐻+ pKa1 = 2.1 (2.25) 
𝐻𝐻2𝑃𝑃𝑂𝑂4
− ↔ 𝐻𝐻𝑃𝑃𝑂𝑂4
2− + 𝐻𝐻+ pKa2 = 7.2 (2.26) 
𝐻𝐻𝑃𝑃𝑂𝑂4
2− ↔ 𝑃𝑃𝑂𝑂4
3− + 𝐻𝐻+   pKa3 = 12.3 (2.27) 
 
At near-neutral pH, the dominant species encountered is HPO42-  
Whilst phosphorus does not undergo cycling transformations between different oxidation states, 
the supply of phosphate to an ecosystem, particularly an aquatic ecosystem, can be controlled by 
redox conditions. Iron (oxyhydr)oxides will sorb phosphorus as orthophosphate, although 
eventually, macroscopic phosphate minerals can form, such as vivianite (Fe2+3(PO4)2·8H2O) and 
strengite (Fe3+PO4·2H2O) as shown in Equations 2.28, 2.29 and 2.30: 
𝐹𝐹𝐹𝐹3+ + 𝐹𝐹− ↔ 𝐹𝐹𝐹𝐹2+ → 3𝐹𝐹𝐹𝐹2+ + 2𝐻𝐻𝑃𝑃𝑂𝑂42− + 8𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹3𝐼𝐼𝐼𝐼(𝑃𝑃𝑂𝑂4)2 ∙ 8𝐻𝐻2𝑂𝑂 + 2𝐻𝐻+ (2.28) 
𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻)3(𝑆𝑆) + 𝐻𝐻𝑃𝑃𝑂𝑂42− + 2𝐻𝐻+ ↔ 𝐹𝐹𝐹𝐹𝑃𝑃𝑂𝑂4 ∙ 2𝐻𝐻2𝑂𝑂(𝑠𝑠) + 𝐻𝐻2𝑂𝑂 (2.29) 
≡ 𝐹𝐹𝐹𝐹 − 𝑂𝑂𝐻𝐻 + 𝐻𝐻𝑃𝑃𝑂𝑂42− → 𝐹𝐹𝐹𝐹 − 𝑂𝑂𝑃𝑃𝑂𝑂3 + 𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹𝑃𝑃𝑂𝑂4 ∙ 2𝐻𝐻2𝑂𝑂(𝑠𝑠) (2.30) 
 
Vivianite forms under low redox potentials and forms via the reaction of reduced iron with 
orthophosphate, shown above in Equation 2.28. In lakes and wetlands, vivianite can represent the 
largest sink of phosphorus in these environments and can significantly impact on lakes trophic 
status (Miot et al., 2009; Sapota et al., 2006).  
 
 
Flooding of wetland sediments will lead to the reductive transformation of iron minerals in 
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wetland soils under anoxia and the subsequent release of phosphorus sorbed to iron minerals as 
well as the dissolution of strengite and vivianite. These processes can be propagated by reduced 
sulfur, which will have the effect of dissolving iron minerals, as shown in Equation 2.31 (Gachter, 
2003): 2𝐹𝐹𝐹𝐹𝑃𝑃𝑂𝑂4 ∙ 2𝐻𝐻2𝑂𝑂 + 3𝐻𝐻2𝑆𝑆 + 4𝐻𝐻+  → 2𝐹𝐹𝐹𝐹𝑆𝑆 + 2𝐻𝐻𝑃𝑃𝑂𝑂42− + 4𝐻𝐻2𝑂𝑂 + 𝑆𝑆0 (2.31) 
  
𝐹𝐹𝐹𝐹3(𝑃𝑃𝑂𝑂4)2 ∙ 8𝐻𝐻2𝑂𝑂 + 3𝐻𝐻2𝑆𝑆 + 2𝐻𝐻+ → 3𝐹𝐹𝐹𝐹𝑆𝑆 + 2𝐻𝐻𝑃𝑃𝑂𝑂42− + 8𝐻𝐻2𝑂𝑂 (2.32) 
 
The relationship between iron cycling and sulfur cycling and its influence on internal phosphorus 
loading and rapid eutrophication is well known, with anoxia promoting the dissolution of iron 
(oxyhydr)oxides through microbial iron reduction or through the actions of sulfate reducing 
bacteria (Baldwin, 2007; Lovley, 1991). In waters with elevated sulfate concentrations, bacterial 
sulfate reduction can result in the decoupling of iron from the phosphorus cycle shown in Figure 
2-7. This can enhance the trophic status, as the phosphorus is used in primary productivity and 
algal growth, leading to eutrophication (Hupfer, 2008). 
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Figure 2-7: Iron, Phosphorus and Sulfur cycles (modified from Hupfer (2008)). 
The coupling of the iron and phosphorus cycles related to the sediment-water interface and the change in redox potential with depth (Figure 2-7).  In the right hand 
component of Figure 2-7, the decoupling of the iron and phosphorus cycles due to sulfate reduction, a result of elevated sulfate concentrations. Sulfide produced 
from sulfate reduction results in the sequestration of iron in the sediments and the flux of iron is minimised. The result is the release of phosphorus to the overlying 
water column. The liberation of phosphorus into the overlying water column may enhance the trophic status of the wetland, possibly resulting in eutrophication.    
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2.4.4. Nitrogen Cycling  
Coupled with phosphorus, nitrogen is another important nutrient in biogeochemical cycling. The 
cycling of nitrogen is considerably more complex than the cycling of other elements due to 
nitrogen being a major constituent of the atmosphere, with 78% composed of N2, as well as being 
an essential component of living tissue in both animals and plants. The nitrogen cycle is shown 
diagrammatically in Figure 2-8. 
 
 
Figure 2-8: Nitrogen Cycle  
The nitrogen cycle involves assimilatory and dissimilatory incorporation of nitrogen into organic 
carbon. Nitrogen can be transformed by bacteria and plants into ammonia, nitrate, nitrite, 
nitrogen gas, and nitric and nitrous oxides Modified from Reddy and DeLaune (2008) .  
 
Elemental nitrogen (N2) is very unreactive due to the strong triple bond in the molecule, as noted 
previously. Despite the unreactive nature of molecular nitrogen, there are some bacteria 
(Azotobacter, Rhizobium and Clostridium spp.) and certain cyanobacteria that are able to fix 
nitrogen and assimilate it as organic nitrogen shown in Equation 2.33 (Reddy and DeLaune, 2008; 
Stumm and Morgan, 1996):  
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2𝑁𝑁2 + 3𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠 + 4𝐻𝐻+ → 3𝐶𝐶𝑂𝑂2 + 4𝑁𝑁𝐻𝐻4+ (2.33) 
 
However, nitrogen is usually combined with hydrogen, carbon or oxygen in order to be utilised in 
the terrestrial environment ultimately synthesising amino acids (Berner and Berner, 1996).  
Other than molecular nitrogen, the main inputs of nitrogen into an ecosystem are as either the 
oxidised form of nitrogen (+5 oxidation state) as nitrate, NO3-, or the reduced form (-3 oxidation 
state) as ammonium, NH4+. During primary productivity by algae, nitrate is reduced to 
ammonium. During respiration, the reduced nitrogen is then released, together with phosphorus, 
to the overlying water column. The presence of a redox cline in the water column allows for the 
transformation of nitrogen in the environment between various forms.  
Nitrate does not form insoluble minerals that could precipitate, nor is it absorbed significantly. As 
discussed previously, anaerobic bacteria and organic matter under sub-oxic conditions can reduce 
NO3- to N2 (Equation 2.4).  
Nitrogen is most stable as ammonium (NH4+) or, depending on pH, ammonia (NH3).  
Ammonium can also be oxidised to nitrate during nitrification, initially forming metastable nitrite 
(+3 oxidation state) and then nitrate, as shown below in Equations 2.34 and 2.35: 2𝑁𝑁𝐻𝐻4+ + 3𝑂𝑂2 → 2𝑁𝑁𝑂𝑂2− + 4𝐻𝐻+ + 2𝐻𝐻2𝑂𝑂 (2.34) 
  2𝑁𝑁𝑂𝑂2− + 𝑂𝑂2 → 2𝑁𝑁𝑂𝑂3− (2.35) 
Nitrate can also be reduced to ammonium during anaerobic metabolism. The process can be 
assimilatory and dissimilatory as nitrate is reduced to ammonium and becomes a source of 
nitrogen for cell growth as ammonium is incorporated as amino acids shown in Equation (2.36 
(Reddy and DeLaune, 2008):  
𝑁𝑁𝑂𝑂3
− + 2𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠 + 2𝐻𝐻2𝑂𝑂 + 2𝐻𝐻+ → 𝑁𝑁𝐻𝐻4+ + 2𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 (2.36) 
Nitrate can also oxidise ammonia under low redox potential to nitrogen gas during anaerobic 
ammonia oxidation. This process can also occur using nitrite as the electron acceptor in a process 
known as anaerobic ammonium oxidation (anammox) (Reddy and DeLaune, 2008). 5𝑁𝑁𝐻𝐻4+ + 3𝑁𝑁𝑂𝑂3− → 4𝑁𝑁2 + 9𝐻𝐻2𝑂𝑂 + 2𝐻𝐻+ (2.37) 
  
𝑁𝑁𝐻𝐻4
+ + 𝑁𝑁𝑂𝑂2− → 𝑁𝑁2 + 2𝐻𝐻2𝑂𝑂 (2.38) 
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The sulfur, iron and nitrogen cycles interact with each other under low redox potentials during 
anaerobic oxidation. Nitrate is a strong oxidising agent, and under low redox potentials can 
oxidise pyrite and ferrous iron in anaerobic oxidation shown in Equations 2.39 and 2.40 (Appelo 
and Postma, 2007): 5𝐹𝐹𝐹𝐹𝑆𝑆2 + 14𝑁𝑁𝑂𝑂3− + 4𝐻𝐻+ → 7𝑁𝑁2 + 5𝐹𝐹𝐹𝐹2+ + 10𝑆𝑆𝑂𝑂42− + 2𝐻𝐻2𝑂𝑂 (2.39) 
  5𝐹𝐹𝐹𝐹2+ + 𝑁𝑁𝑂𝑂3− + 7𝐻𝐻2𝑂𝑂 → 5𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂𝐻𝐻 + 1 2� 𝑁𝑁2 + 9𝐻𝐻+ (2.40) 
2.4.5. Eutrophication 
Eutrophication refers to a condition of lake and wetlands of excess algal growth or increased 
organic enrichment which results in changes to the ecosystem (Davis, 2006; Manahan, 2005). The 
classification of an aquatic ecosystem as eutrophic is based on either the concentrations of 
essential plant nutrients (nitrogen and phosphorus) or the productivity of organic matter and 
concentration of chlorophyll-a (Berner and Berner, 1996). Eutrophic systems can occur naturally 
as organic matter settles, or is produced in, aquatic ecosystems. They can also form in response to 
anthropogenic activities when the supply of nutrients is artificially accelerated from sewage, 
agriculture and industry (Berner and Berner, 1996). Concern about eutrophication by land 
managers has led to increasing research into the cycling of nutrients in aquatic ecosystems, 
particularly on the limiting nutrients in primary productivity (Caraco et al., 1990). 
Eutrophication in Australia is commonly associated with blooms of phytoplankton including 
eukaryotic and cyanobacteria blooms (Davis, 2006). Research into eutrophication in Australia has 
focused on cyanobacterial blooms in particular due to the toxicity and the extent at which they 
occur, most notably a 1000 km bloom in the Darling River in the summer of 1991/92, which was 
triggered by the influx of saline groundwaters into the river. Saline waters improved the clarity of 
the water as suspended sediments settled due to flocculation which allowed light to penetrate 
further into the water column encouraging algal growth which was deposited on the bottom. 
Whilst phosphorus concentrations within the river were at concentrations that would have 
triggered a bloom, sulfate reducing bacteria utilised the organic debris as an energy source and 
sediment bound phosphorus was released due to the formation of sulfides and iron reduction 
which propagated and sustained the algal bloom (Davis, 2006; Donnelly et al., 1997).  
Earlier research into eutrophication in Australia focused on the supply of nutrients to aquatic 
systems based on diffuse and point source pollution from sewage, agriculture and industry. 
However, following the bloom along the Darling and the speed at which it formed, research 
shifted away from models developed for the northern hemisphere and focused more on 
understanding processes including diffuse sources of sediment load, stratification of 
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impoundments during summer and rainfall patterns, all of which can promote conditions 
favourable to algal blooms, particularly cyanobacterial blooms (Davis, 2006). The research that 
arose out of the Darling River algal bloom event developed a better understanding of the causal 
factors controlling eutrophication of inland rivers, and the key role played by mineral weathering.  
Eutrophication has also been studied further downstream in the Murray-Darling system in natural 
wetlands along the Murray River. Ten wetlands of the Murray River floodplain in the Riverland 
of South Australia were surveyed to describe and compare the limnology of differing morphology 
and hydrology with an emphasis on the biota and physicochemical properties of these systems 
including evaporation basins such as the Berri Evaporation Basin (Goonan, 1992). Based on the 
total phosphorus levels in the Berri Evaporation Basin, it was classified as hyper-eutrophic, with a 
total phosphorus value of 0.51 mg/L and chlorophyll-a values of 60 µg/L (Goonan, 1992).  
Previous research at the Loveday Disposal Basin made mention of the rapid (hours) algal growth 
at the Basin following rainfall as well as endolithic algae present in the Basin (Welch, 2005). 
Such algal growth is not limited to responses to rainfall, but can also occur during managed or 
experimental reflooding of wetlands, as occurred at the Loveday Disposal Basin in 2006, when 
there was an algal bloom noted by (Lamontagne et al., 2008). Ideal conditions for algal growth 
exist in these evaporation basins due to hypersalinity, low turbidity, high nutrient availability and 
light penetration of the water column.  
2.5 Inland Acid Sulfate Soils in the Murray-Darling Basin 
Sulfur cycling and its effect on the cycles of other elements in the environment has been studied 
in a variety of environments, including marine, estuarine, lacustrine and fluvial ecosystems 
(Giblin and Wieder, 1992). Research focusing on sulfur cycling in wetlands, both fresh and salt 
water, has sought to understand the rates of sulfide formation in waterlogged anoxic sediments 
due to carbon mineralisation and the environmental hazards posed by reduced sulfur in the 
environment. Such hazards include acidification and enhanced trophic status (Giblin and Wieder, 
1992).  
In Australia, sulfate reduction in terrestrial environments has received little attention, with studies 
being generally focused on sulfate reduction in marine sediments (Bauld et al., 1979; Skyring, 
1987; Skyring et al., 1983). 
Research into sulfur cycling in inland wetlands has increased in recent years as anthropogenic 
pollution has increased the supply of sulfate to waterways (Giblin and Wieder, 1992; Holmer and 
Storkholm, 2001).  
In contrast, oxidation of sulfides in the environment has received significant attention due to the 
common occurrence of acid sulfate soils in coastal areas, and acid mine drainage. There has been 
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considerable work in Australia on the oxidative transformations of iron and sulfur and the 
manipulation of hydrological régimes to mitigate the environmental effects of the acidity 
generated (Cook et al., 2000; Somerville et al., 2004; White et al., 1997). The effects of acid 
sulfate soils in coastal areas were noticed following disturbance of the hydrological régime due to 
low lying lands being drained for agriculture, flood mitigation and settlement (White et al., 1997). 
Flood gates, levees and drains built during the 1950s and 1970s artificially lowered the water 
table. As a consequence, sulfidic material deposited during the Holocene that had remained 
waterlogged were exposed to the atmosphere and the sulfidic horizons turned sulfuric (Stone, 
1998). 
Assessment guidelines were developed by government agencies in consultation with researchers 
investigating coastal acid sulfate soils. Primarily, guidelines centred on the quantity of reduced 
sulfur contained in sediments and the acidification potential (Ahern et al., 2004). However, in the 
inland environment, risks posed by sulfidic material are not confined to acidity, but also include 
noxious odours, aesthetic considerations, and eco-toxicological impacts (Hall et al., 2006b; 
McCarthy et al., 2006)  
The issue of sulfidic material in floodplain wetlands was raised in 2002, when Bottle Bend 
Lagoon, 20 km south of Mildura, Victoria, experienced a drawdown in water level due to reduced 
water inflow in response to severe drought and a lowering of the Mildura weir pool for 
maintenance (McCarthy et al., 2006). The pH of the water fell below 3 and there was a significant 
fish kill (McCarthy et al., 2006). 
Research continued to identify wetlands at risk from sulfidic material with two surveys 
conducted. The first survey was of nine wetlands (Lamontagne et al., 2004) and focused on the 
Riverland region in South Australia. All nine wetlands surveyed contained environmentally 
significant quantities of sulfidic material. The wetlands considered to be at greatest risk of 
environmental degradation were saline, especially salt disposal basins, and had poor hydrologic 
connectivity to the Murray River, i.e.  lacked a natural wetting-drying régime (Lamontagne et al., 
2004). 
A second survey was conducted (Hall et al., 2006a; Hall et al., 2006b), and encompassed the 
entire Murray-Darling Basin. Eighty-one wetlands along 7 major rivers in the Basin were sampled 
by land managers according to their significance or if manipulation of the water level was 
included in management. The survey found that ~20% of wetlands contained reduced sulfur 
above recommended trigger values of 0.02% reduced sulfur, however this value was changed 
from 0.03% used in coastal acid sulfate soils, due to Bottle Bend Lagoon having a reduced sulfur 
content below this trigger value (Hall et al., 2006a; Hall et al., 2006b).  
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Research into rehabilitating Bottle Bend Lagoon, was conducted by Fraser, et. al. (2012), where 
21 treatments were applied to the highly degraded and acidic sediments. Treatments included 
chemical ameliorants such as lime, carbonate and biochar, clay buffering through mixing sulfuric 
and sulfidic sediments with the underlying clays, wood ash, introducing organic carbon, and 
establishing macrophyte vegetation. The amendments with the only significant effect on the pH of 
the sediments involved the use of chemical melioration, as well as a combination of chemical 
ameliorants and the planting of macrophytes. The use of chemical ameliorants was deemed to be a 
logistical challenge and the recommendation based on this research was to minimize the 
formation of sulfides in the first instance through the reintroduction of wetting-drying cycles to 
mimic the natural hydrological regime (Fraser et al., 2012). 
Research has been conducted into the effect that sulfate pollution can have on the biogeochemical 
cycles in the sediments of inland aquatic ecosystems. A study by Baldwin and Mitchell (2012), 
included microcosm experiments with sediment collected from a freshwater wetland. In the 
laboratory the experiments were amended with sulfate and a source of organic carbon (acetate and 
glucose). The focus of the study was on the cycling of sulfur, carbon, nitrogen and redox active 
metals, specifically iron and manganese. The findings of the study was that increasing the sulfate 
concentration lead to the rapid formation of iron monosuflide and markedly changed the cycling 
of carbon in the sediments, principally decreasing the production of methane. The study also 
noted that the amount of iron monosulfide formed was greater, on a molar basis, than the iron lost 
from solution, resulting in appreciable quantities of iron remaining in solution (Baldwin and 
Mitchell, 2012). 
Site specific research into the processes of sulfur cycling and management proposals was based at 
the Loveday Disposal Basin. The Loveday site had been earmarked for remediation by the then 
Murray Darling Basin Commission (now Murray-Darling Basin Authority) and was to be used as 
a test case into the remediation of salt disposal basins (Beavis et al., 2006; Beavis, 2006; Higgins, 
2006; Higgins et al., 2006; Lamontagne, 2006; Lamontagne et al., 2005; Lamontagne et al., 2008; 
Wallace et al., 2006; Welch et al., 2006; Welch, 2005). Research was conducted through the 
cooperative research Centre for Landscape Environments and Mineral Exploration (CRC LEME) 
and focused on an experimental re-flooding of the Basin in 2006.  
Research into the clay and non-clay mineralogy, sulfur cycling and budget, acid generation 
potential, chemical flux from the sediments and a monitoring program both before and after the 
flood was implemented (Beavis et al., 2006; Beavis, 2006; Higgins, 2006; Higgins et al., 2006; 
Lamontagne, 2006; Lamontagne et al., 2005; Lamontagne et al., 2008; Wallace et al., 2006; 
Welch et al., 2006; Welch, 2005). Following community interest in the Loveday Disposal Basin 
due to noxious odours, monitoring of the air near the Basin for its reduced sulfur content was 
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conducted by the South Australian Department of Water, Land and Biodiversity Conservation. 
Despite this study, the triggers for the pulses in odour generation are not understood, with the only 
known solution being to periodically release water to inundate the northern end of the Basin (S.A 
Department of Environment, 2012). 
Following decommissioning of the Loveday Disposal Basin and the reduced inflows of water into 
the Basin, the bed sediments of the Basin dried out in the early 2000s. In response to this drying 
event, a network of desiccation cracks and pedal structures developed in the Basin sediments, 
shown in Figure 2-9. The effect of these desiccation cracks on the geochemistry of the wetland 
was studied by (Beavis et al., 2006; Wallace et al., 2008) who found that the distribution of 
inorganic and organic carbon and reduced and oxidised sulfur was spatially variable at a range of 
scales, and that this heterogeneity was related to wetting-drying cycles in the Basin which 
concentrated sulfur and carbon at the surface of the basin, and within the nested network of cracks 
which formed in the basin (Wallace et al., 2006).  
The physical properties of the pedal structures was examined by (Beavis et al., 2006; Beavis, 
2006), with a focus on micro-scale processes occurring within the peds. Microscopy revealed a 
nested fabric of highly aggregated peds separated by cracks (Beavis et al., 2006).  
Research into the clay and non-clay mineralogy by (Higgins, 2006; Higgins et al., 2006) also 
showed heterogeneity in the clay and non-clay mineralogy in the Basin sediments. This correlated 
closely with the shrink-swell behaviour of the bed sediments and the resultant distribution and 
patterning of pedal structures. The non-clay mineralogy was dominated by halite and gypsum and 
minor calcite.  
Previous research at the Loveday Disposal Basin identified the rapid (hours) algal growth at the 
Basin following rainfall as well as endolithic algae present in the Basin (Welch, 2005). Following 
the experimental reflooding of the Loveday Disposal Basin in 2006, there was an algal bloom 
noted by (Lamontagne et al., 2008) and clearly visible during field work in 2007 (Figure 2-10). 
The issue of sulfidic material in wetlands on the Murray River was highlighted when the water 
level in the Lower Lakes and Murray mouth was reduced in ~2005 due to the severe, prolonged 
drought experienced throughout southeastern Australia. The drought was characterised by very 
low rainfall and stream flows and elevated evapotranspiration across the Murray-Darling Basin 
(Fitzpatrick et al., 2008). As the shorelines of the Lower Lakes  were exposed due to the lowering 
of the water level, significant areas were found to contain sulfidic material, and many had the 
potential to turn sulfuric if remediation was not carried out, particularly in Lake Albert(Fitzpatrick 
et al., 2009) (Fitzpatrick et al., 2008). Management strategies were developed to mitigate the 
effects of the acidity, but the traditional strategy of inundating the exposed sediments could not be 
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put in place due to the extreme drought conditions in the area. Lime was applied to many exposed 
sediments to neutralise the acidity, and water was pumped from Lake Alexandrina to maintain the 
water level in Lake Albert. Bioremediation was encouraged through revegetation works to 
increase the supply of organic carbon to form carbonates through microbial metabolism (SA 
Department of Environment and Heritage, 2009). Fortunately, above average rainfall during 2011 
and 2012 increased water levels in the Lower Lakes, and the sediments were inundated. However, 
monitoring will continue to be used to inform the development of long-term strategies for 
managing this problem (SA Department of Environment and Heritage, 2009). 
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Figure 2-9: Desiccation cracks and pedal structures at the 
Loveday Disposal Basin. 
Desiccation cracks formed in the sediments of the Loveday Disposal Basin 
following drying of the Basin due to reduced inflows of water and 
decommissioning in the early 2000s. Pedal structures that sit proud of the 
surface (top left) formed in the surface surrounded by desiccation cracks. The 
desiccation cracks filled with sediments (top right) with time and provided 
preferential pathways for the oxidation of sulfidic material (bottom left).  
Geochemistry at the Basin was influenced by these structures. There existed 
spatial heterogeneity in the distribution of carbon and sulfur stores at the Basin 
as well as differences in the clay and clay non-clay mineralogy, with pedal 
structures containing smectite group clays and the cracks being filled with 
kaolinite. Halite was dominant in the pedal structures and gypsum in the 
cracks, due to the difference of solubility of the two minerals.  
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Figure 2-10: Remnant algae at the Loveday 
Disposal Basin 
Following reflooding of the Loveday Disposal Basin in 2006, 
an extensive algal bloom formed. As the Basin dried out, an 
extensive algal mat covered the surface of the Basin. 
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Chapter 3. Setting and Study Sites 
The Murray River is Australia’s longest river. Together with its tributary, the Darling River, these 
two rivers and their tributaries form the Murray-Darling Basin (MDB) which covers over one 
million square kilometres of southeastern Australia, representing one-seventh of the Australian 
continent (Figure 3-1). The Basin has its headwaters in the Great Diving Range which runs along 
Australia’s east coast and drains an area spread over four states.  In addition, it comprises a major 
part of the interior lowlands of eastern Australia. The Murray-Darling Basin is highly significant 
socially, environmentally and economically as it is the centre of Australia’s agricultural industry 
with a population of ~2 million people, an important biodiversity resource, and is embedded in 
Australian culture (O'Gorman, 2010). 
 
The Riverland region of South Australia encompasses a portion of the lower Murray-Darling 
Basin in South Australia.  It stretches along the Murray River from Blanchetown in the west to the 
NSW/Victorian border in the east. It is an economically defined region arising out of the 
development of  irrigation systems introduced in the 1890s by the Chaffey Brothers in Renmark 
(MDBA, 2010). Subsequent settlement in the region was encouraged by the government through 
 
Figure 3-1: The Murray-Darling Basin is a continental drainage basin covering 
one-seventh of the Australian continent. 
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soldier settlement programs in the years following both World Wars. Since then, the region has 
grown to be an important agricultural centre with a reliance on irrigation. It is now the largest 
irrigated agricultural area in South Australia and many of the urban centres in South Australia, 
including Adelaide, are dependent on the Murray River as a source of water (Brown and 
Stephenson, 1991).  
Much of the area immediately adjacent to the Murray River in this region is set aside for 
conservation, including the UNESCO listed Riverland Biosphere Reserve which consists of the 
largest remaining continuous stands of ancient mallee in the world (UNESCO., 2007).  
Post settlement land clearing and water resource management associated with the development of 
irrigated agriculture has increased groundwater recharge with consequent rising of the regional 
watertable.  The rising groundwater has mobilised salts contained within the regolith, with 
additional salt inputs from irrigation waters.  These saline groundwaters enter the river system,  
where the piezometric surface is intersected by the stream channel. Increased salinity in the lower 
Murray, both river and floodplain, has seen ~25% of the floodplain severely degraded through 
salinisation (Evans and Kellett, 1989).  
The issue of increased salinisation in the lower Murray and the Riverland is well documented and 
many management programs have been established to mitigate and manage salinisation (Hostetler 
and Radke, 1995; Jarwal, 1996). Salt disposal basins, by which saline waters are diverted into 
shallow depressions and allowed to evaporate, are one strategy that has been employed in this 
region to reduce the influx of salt into the Murray River and its tributaries (Hostetler and Radke, 
1995).  The saline waters are sourced from natural and induced groundwater discharge, surface 
runoff from salinised areas and surplus irrigation water (return flow). These basins have either 
been constructed within the floodplain (for example Stockman’s Salt Disposal Basin), outside the 
floodplain (Noora Disposal Basin) or have been developed through the conversion of natural 
wetlands immediately adjacent to the main river system.   
Research and management of salinisation has primarily focused on the physics of solvent and 
solute movement (Herczeg et al., 2001; Herczeg et al., 1993; Jarwal, 1996), but in the last decade 
the impact of salinisation on biogeochemical cycling in inland waterways has been highlighted by 
the presence of sulfidic material in the sediments of floodplain wetlands. An early survey 
(Lamontagne et al., 2004) highlighted the presence of these material in the Riverland region. 
Subsequent research arising from that initial survey focused largely on salt and sulfur cycling 
within a salt disposal basin near the township of Cobdogla (Loveday Disposal Basin). This 
current study has involved three wetlands in the region: the Loveday Disposal Basin and the 
immediately adjacent Mussel Lagoon, as well as  the Berri Evaporation Basin,    approximately 20 
km to the east of Cobdogla (Figure  3-2). 
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Figure  3-2: Location of study area and field sites. Modified from Lamontagne et. 
al., (2004). 
The location of the field sites in the Riverland Region of South Australia. Mussel Lagoon 
is located adjacent to the Loveday Disposal Basin. The Berri Evaporation Basin is adjacent to 
the River Murray, 3 km west of the town of Berri (modified from).  
 
 
 Loveday Disposal Basin, Mussel Lagoon 
and Berri Evaporation Basin 
The three sites selected for this study are all natural wetlands immediately adjacent to the Murray 
River.  However, Loveday and Berri Basins are both saline, whilst Mussel Lagoon is a freshwater 
wetland.  In addition to these differences, the sites vary according to their management.  
Berri Evaporation Basin is located near the town of Berri, South Australia (Figure 3-3 and Figure 
3-4). It is a natural lagoon located on the Murray River floodplain that receives saline subsurface 
water from the nearby irrigation district. The Basin has been in operation since 1940.  During the 
1970s the storage levels of the Basin were 1.5 m above the adjacent river pool, which induced 
flow towards the Murray River. In 1982 the Noora Disposal Basin, approximately 22km south 
east of Berri, was commissioned and water originating from Berri and Renmark irrigation districts 
and disposed to Berri Basin was pumped to Noora,  to localise and immobilise salt following 
evaporation. This diversion of water from Berri to Noora reduced the volume of water held within 
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Berri Evaporation Basin and maintained the water level at or below river level, thereby creating 
an hydraulic gradient which prevented the flow of saline water from the Basin to the river 
(Hostetler and Radke, 1995).      
The Loveday Disposal Basin is a terminal system, bisected by a causeway dividing the Basin into 
a north and a south basin (Figure 3-5 and Figure 3-6).  Due to increased irrigation efficiency and 
drought conditions, the volume of water received by the Basin was reduced significantly and the 
site was decommissioned in 2000 and earmarked for remediation in 2005 (Lamontagne et al., 
2008; Walter, 2005). The decommissioning of the Loveday site coincided with drought 
conditions, with the sediments becoming exposed and partially drying out. Subsequently, within 
the clay-rich sediments of the Basin, well-defined columnar pedal structures developed with an 
extensive network of desiccation cracks (Beavis, 2006). Community interest in remediation of the 
Loveday Disposal Basin was triggered by noxious odours emanating from the Basin, which had 
socio-economic impacts on the nearby village of Cobdogla. The site was subsequently earmarked 
for remediation by the Murray-Darling Basin Commission. To mitigate the odour, periodic 
releases of water were made to the basin to inundate the sediments nearest to Cobdogla, 
immediately behind a steam museum (Hicks, 2006; S.A Department of Environment, 2012).  
Mussel Lagoon lies adjacent to the Loveday Disposal Basin, and is a freshwater wetland (Figure 
3-7). In this study, Mussel Lagoon will be used as a freshwater control to compare with the 
hypersaline Loveday Disposal Basin and the Berri Evaporation Basin. The two wetlands are 
connected through surface water networks, with both wetlands connected to the Murray River 
through engineered inlets which require manipulation to allow river waters into the systems. 
Hence, both wetlands are isolated from the river channel, and both are terminal systems. 
However, the degree of connectivity of the Mussel Lagoon in the past has been much greater 
through unauthorised release of water due to the vandalism of an inlet connecting Mussel Lagoon 
to the River Murray (Lamontagne, 2006; Lamontagne et al., 2008).  
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Figure 3-3: Berri Evaporation Basin (Image captured from Google Earth®). 
The Berri Evaporation Basin is divided into a large main basin and a much smaller northern basin. During summer, the basins are dry as a result of decreased 
inflows from the surrounding irrigation areas, with extensive salt crusts forming on the sediments. 
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Figure 3-4: The Berri Evaporation Basin: Photograph (Left) of the Berri Evaporation and its proximity to the town of Berri. (Top Right) Oxidised 
sediments, reduced sulfur and algae in the sediments. (Bottom Right) Reduced sulfur in the sediments immediately below a salt and alga 
crust. 
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Figure 3-5: Aerial photo of the Loveday Disposal Basin and Mussel Lagoon (Image captured from Google Earth®). 
The Loveday Disposal Basin is divided into a North and South Basin by a causeway bisecting the Basin from the main road to the Murray. Shown in the image are 
the flooded northern end of the basin, which is inundated to mitigate noxious gas generation, and the exposed sediments of the Southern Basin, which is 
subjected to a different flooding régime. Mussel Lagoon is a complex of wetlands between Loveday and the Murray River, and is subjected to a different water 
régime. 
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Figure 3-6: The Loveday Disposal Basin: Photograph (Left) of the South Basin in 2010 with dead river red gums. The sediments are oxidised due 
to exposure to the atmosphere following the experimental reflooding. (Top Right) Standing water near the steam museum and algae 
growing in the water. (Bottom Right) Sulfide beneath the salt and algae crust at the museum site. 
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Figure 3-7: Mussel Lagoon: Photograph (Left) of the Mussel Lagoon which was inundated at the time of sampling in 2010. (Top Right) Algal growth 
in the water. (Bottom Right) Reduced sulfur beneath the surface sediments. 
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3.1.1. Land Use 
The Murray-Darling Basin is Australia’s largest agricultural resource, contributing one-third of 
Australia’s food supply and 40% of the national income derived from agricultural production 
(Pink, 2008). The agricultural use of this land has occurred post-European settlement through land 
clearance of native vegetation. Recent estimates suggest that remnant native vegetation covers 
20% of the Murray-Darling Basin, with most of the other 80% used for agriculture and primary 
production (CSIRO, 2008). Dry land agriculture (cropping and pasturing) accounts for over three 
quarters of land use and irrigated crops account for 1.8% of the land use in the Murray-Darling 
Basin (CSIRO, 2008). However, the irrigated regions of the Basin are intensive irrigation schemes 
located within the floodplain environment or engineered schemes some distance away from their 
water source. The total irrigated area in the Riverland is 41000 hectares out of 1.6 million hectares 
of agricultural land (2.5%).  Irrigated land in the Riverland is divided into community supply 
schemes and private irrigators with a total annual water entitlement of 344 GL (MDBA, 2010). 
The two largest community irrigation schemes are the Central Irrigation (13000 ha) and Renmark 
Irrigation Trusts (5000 ha), with an area of 18000 hectares which are serviced by 520 km of 
irrigation pipelines (Australian Bureau of Statistics, 2011; MDBA, 2010; Primary Industry and 
Regions South Australia, 2011).  The total value of agricultural production in the Riverland and 
Murraylands  is $2.2 billion (2010-2011), with horticulture contributing 25% of this income 
($555m) and wine grapes contributing 20% of this income ($465m) (Regional Development 
Australia, Unknown).  
3.1.2. Climate 
In common with much of inland Australia, the climate of the Riverland region of South Australia 
is semi-arid with a highly variable rainfall (100 – 500 mm/yr) and potential evaporation rates well 
in excess of rainfall (2000 mm/yr) (Jarwal, 1996; Lamontagne et al., 2004). Throughout the 
Murray-Darling Basin, this variability manifests as high frequency periods of drought, with less 
frequent periods of flood. During the last decade, the region has been subjected to a prolonged 
and intense drought. Rainfall has been below average for most of this time and has resulted in 
significantly reduced inflows into the Murray-Darling Basin. 
Average rainfall in the Riverland region is ~260 mm per year , with the 10, 40, and 60th percentile 
values being 183, 244, and 283 mm per year shown in Figure 3-8. Rainfall values between the 
40th and 60th percentiles are the average range for rainfall, while the 10th percentile is the threshold 
for severe drought and rainfall deficiency in Australia. 
The cumulative residual plot of rainfall, a measure of the difference between actual and average 
rainfall relative to the previous years, shows trends in rainfall over longer periods of time (Figure 
3-9). There were periods of higher rainfall between 1910 and 1930, and a short period in the mid-
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1970s coinciding with flooding. The first period coincides with the construction of the locks and 
weirs along the lower Murray, with the high rainfall at that time providing optimism about water 
availability. Consequently, irrigation developed in the region, with an expectation of reliable 
water supply (MDBA, 2010). Following the prolonged period of high rainfall, there has been a 
prolonged period of dryness in the Riverland region since the 1980s, recently abated by a La Niña 
event from 2010 to 2012 (Beavis, S. Pers. Comm.). The transitions from periods of high rainfall 
to periods of drought are not gradual but sudden shifts.  
Since 2000, the Riverland rainfall has been deficient and was below the 40th percentile in 2007, 
2008 and 2009 and severely deficient in 2002 and 2006, with rainfall exceeding the 60th percentile 
in 2005. The period 1997-2008 was characterized by severe rainfall deficiencies in southeastern 
Australia with an absence of intervening wet years, which resulted in rainfall deficits. Until the La 
Niña of 2010-2011 reduced these deficits, the reduced rainfall in southeastern Australia impacted 
on water availability, agriculture and ecosystem functioning (Gergis et al., 2012; van Dijk et al., 
2013) . 
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Figure 3-8: Total annual rainfall for Loxton (SA) 1897 to 2011. (Data from the Bureau of Meteorology) 
Average rainfall for Loxton (20 km South of Berri) shows the variability of rainfall in the Riverland region. For most of the 2010s, annual rainfall was below 
the average of 262 mm. The 2010 to 2012 La Niña event is shown at the far right.  
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Figure 3-9: Cumulative Residual plot for annual rainfall at Loxton. (Data from the Bureau of Meteorology) 
The cumulative residual rainfall plot shows two wetter periods from 1910 to 1930 and a shorter period in the mid-1970s. There are three dry periods from 
1897 to 1910, the ‘federation drought’ , a second from 1965 to 1973 and the most recent period of dry from 1982 to 2010 which has been prolonged and 
resulted in reduced inflows into the Murray-Darling Basin. The changes between periods of wet to dry are not gradual, but sudden shifts from wet to dry. 
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 Hydrology 
Most of the water flowing through the river systems of the Murray-Darling Basin is derived from 
rainfall occurring in the upland catchments within the Great Dividing Range.  This, together with 
the high consumptive use of water associated with agricultural land use, means that the rivers are 
essentially losing systems, with a decreasing trend of discharge in a downstream direction.   
3.2.1. Regional Hydrology 
Prior to farm settlement, the Murray River was characterised by a winter-spring maximum natural 
flow resulting from both winter rainfall across the basin and spring snow melt in the Australian 
Alps and a summer-autumn low flow caused by the dominance of evaporation over precipitation 
in the summer months. The natural and current river flow is shown in Figure 3-10 (Gell, 2007; 
Jarwal, 1996). 
The naturally variable climate of the Riverland, and most of the Murray-Darling Basin, results in 
intermittent and unreliable surface water flow into rivers and streams. As a consequence, the 
Murray River and its tributaries have become highly regulated to provide water security (Brown 
and Stephenson, 1991). The initial aim of river regulation was to improve the river for navigation, 
to be later followed by economic and political considerations regarding irrigation and flood 
mitigation. Control structures to store water and release it as required for uses downstream, 
including the Hume Dam, the Snowy Mountains Hydro-Electric Scheme, Yarrawonga Weir, Lake 
Victoria, and other works were completed by 1974, with the last significant control structure 
being Dartmouth Dam on the Mitta Mitta River completed in 1979. Management of large dam 
structures in the upland catchments of the basin impose a flow régime for the entire system that is 
a reversal of the natural régime, with higher flows throughout the growing season of irrigated 
agricultural crops shown in Figure 3-10. 
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Figure 3-10: Natural and current river flow downstream of Albury. (Source: 
MDBA) 
The natural régime of flow in the Murray River has been modified through the construction of 
control structures. The effect of this has been the removal of the natural high flows during winter 
and spring and low flows in summer and autumn. This has been with low flows occurring in 
winter and high flows in summer to meet irrigation demand. 
 
3.2.2. Local Hydrology 
The hydrology of the Murray River in the Riverland region of South Australia, specifically, is 
controlled by the series of locks and weirs built during the early part of the 20th century to meet 
the needs of navigation and the growing demands of the developing irrigation schemes.  It was 
this latter purpose that led to the development of a plan, in 1917, to regulate the waters of the 
Murray-Darling Basin. Ten low-level weirs, less than 3 m in height, were built on the lower 
Murray in the 1920s and 1930s (Gell, 2007). The first weir, lock 1 at Blanchetown, was 
completed in 1922 and the last, lock 15, completed by 1937. The subdued topography of the 
region results in weir pools varying in length from 22 to 98 km long, and has effectively 
transformed the lower Murray River essentially into a series of pools (Walker and Thoms, 1993). 
Coupled with river regulation upstream, there is now a near constant water level in this section of 
the river, and the natural régime of flow has been removed shown in Figure 3-11. This has 
important implications for wetlands peripheral to the river, which can be inundated almost 
continuously, in stark contrast to their former natural régimes. 
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The wetlands of the lower Murray, excluding those in the Murray Gorge, were formed as a result 
of the lateral movement and avulsion of the Murray channel. The wetlands were temporary prior 
to river regulation and connected to the Murray channel only in times of flood. All three wetlands 
in this study developed as natural floodplain wetlands. Increased river regulation has imposed a 
new hydrology onto these wetlands, which are now heavily influenced by the weir pools of locks 
3 and 4, as well as use of the wetlands as saline disposal basins. At Loveday and Berri, the latter 
usage has required construction of control structures which regulate flow from the river into the 
wetlands, and therefore define their connectivity.  
The Loveday Disposal Basin and the adjacent Mussel Lagoon differ greatly in their hydrology 
and physicochemical properties. The primary difference being the salinity, with Loveday being 
saline to hypersaline, while Mussel Lagoon is fresh.  
From 1972, the Loveday Disposal Basin was used for several decades as a saline disposal basin. 
Surplus irrigation water from the surrounding agricultural areas was deemed too saline to 
discharge directly into the Murray River, and was directed toward the Loveday Disposal Basin 
where it either evaporated or infiltrated into the underlying aquifer. Over the period of time in 
which Loveday was used as a disposal basin, the salinity levels increased progressively, resulting 
in hypersalinity. Since its decommissioning in 2000, the quality of water has fluctuated in 
response to its management, including the controlled inflow of fresh water from the river through 
the control structure at the northern end of the basin. 
 The water level in Mussel Lagoon and the Loveday Disposal Basin would have been maintained 
following the construction of lock 3. Prior to this, the wetlands would have been ephemeral. From 
the 1970s, the Loveday Disposal Basin was used as an irrigation disposal basin, which was 
achieved by isolating the basin from the main river channel using engineered control structures 
and the diversion of irrigation return flows to the basin via subsurface pipelines. The use of the 
basin as a salt disposal basin, coupled with groundwater discharge, resulted in increasing 
salinisation and severe environmental degradation that included the death of native vegetation, 
particularly River red gums (Eucalyptus Camaldulensis), and aquatic fauna (Lamontagne et al., 
2008; Walter, 2005). Following decommissioning in 1972, the water level in the Loveday Basin 
could no longer be maintained and the water level fell, exposing sulfide rich sediments, which 
lead to community interest in remediation, given the noxious odours generated from the exposed 
sulfidic material in the basin sediments (Gell, 2007).  
Mussel Lagoon is isolated from the Loveday Basin through elevation, as well as the control 
structures that were put in place since 1994 to establish a natural wetting-drying régime. It is 
managed by the South Australian Field and Game Association, who leased the site from the 
Central irrigation Trust in 1983 and use a hydrological régime program developed in 1993 (S.A 
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Field and Game Association Barmera-Moorook Region, 2005). Recently, this has involved a 5 
year management program from 2004, which saw the wetland partially dried in 2004 and 2006. 
However, a complete drying phase was imposed on the wetland in 2007, as all managed wetlands 
in South Australia were closed at this time due to drought water-saving measures (Maywald, 
2007). The wetland was reconnected to the Murray River in February 2009 and was inundated 
during sampling for this study in January 2010. During reconnection in 2010, the weir connecting 
Mussel Lagoon to the South Basin of Loveday was opened briefly, to allow flushing of the South 
Basin of Loveday (Nikolai, 2011). 
The Berri Evaporation Basin was used historically as a salt disposal basin; it was isolated from the 
Murray River for this purpose in 1940 (Hostetler and Radke, 1995). Similar to the Loveday 
Disposal Basin, reduced inflows of water due to increased irrigation efficiency have seen the 
volume of water collected by the basin reduced in recent years, and the basin typically dries out 
completely in the summer months. Recently, a remnant population of Murray Hardyhead fish 
(Craterocephalus fluviatilis McCulloch, 1913) were found in the North Basin, and management 
of the inflows of surplus irrigation water is now focused on the northern basin to preserve the 
habitat of this species (DSEWPAC, 2012; Katfish Reach Steering Group, Unknown; MDBA, 
2012).  
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Figure 3-11: Mean daily river height for the Murray River upstream of Lock 3. (Data compiled from http://e-nrims.dwlbc.sa.gov.au/) 
Lock 3 was constructed in 1925 near Overland Corner, ~10 km D/S from the Loveday Disposal Basin. Flow and river level prior to the construction of lock 3 
was erratic. It was a result of seasonal flooding, but has become static over time due to river regulation upstream maintaining a constant water level. This has 
removed the rhythm of high and low flows present before regulation. The weir pool level is 9.8 m. AHD and is shown in red.                                                                            
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3.2.3. Experimental Reflooding of the Loveday Disposal 
Basin 
In May 2006, the Loveday Disposal Basin was subjected to an experimental flooding event aimed 
at controlling the generation of noxious odours and remediating the site, in the hope of 
encouraging the growth of native flora and fauna. The northern regulator (control structure) was 
opened on the 26th of May to flood the North Basin (Lamontagne et al., 2008). The regulator to 
Mussel Lagoon was opened two weeks later to flood the South Basin. The basin was filled to the 
river pool level (9.81 m AHD) on the 17th of July and kept at full level by keeping the regulators 
open. The regulators were open for three months, with the North Basin regulator opened in May 
2006 and the South regulator opened in June 2006. The water level within the basin returned to 
the pre-flooding conditions by March 2007 due to evaporation and groundwater seepage 
(Lamontagne, 2006). Whilst water entered directly from the Murray, it would not have directly 
entered Loveday until Mussel Lagoon was filled to capacity. This would have had the effect of 
flushing Mussel Lagoon into Loveday.  
 Geology and Hydrogeology 
The geology and hydrogeology of the study area is influenced by the Murray Geological basin. 
The Murray Geological Basin covers 300 000 km2 incorporating parts of western NSW, north-
western Victoria and south-eastern South Australia, and is a geological subregion of the much 
larger Murray-Darling Drainage Basin shown in Figure 3-12 (Brown and Stephenson, 1991). 
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Figure 3-12: The Murray Geological Basin: a small intra-cratonic sedimentary 
basin within the Murray-Darling Basin.  
 
3.3.1. Regional Geology  
The Murray Geological Basin is a low-lying saucer-shaped intra-cratonic sedimentary basin in 
inland southeastern Australia, composed of Cenozoic sediments unconformably overlying 
Proterozoic and Paleozoic sedimentary and meta-sedimentary basement rocks (Brown and 
Stephenson, 1991). The basin is between 200 to 600 m thick, with sedimentary sequences 
deposited in aeolian, fluvial, marine and marginal marine depositional environments (Lewis et al., 
2008). The basin is flanked on its margins by ranges of the Victorian Highlands to the south, the 
Mt. Lofty and Flinders Ranges to the north and west, and to the south by the Padthaway Ridge, 
which separates the Murray Basin from the Southern Ocean and the Otway Basin. This flanking 
of the outer edges of the Murray Basin by low mountain ranges and basement rises results in a 
closed basin with a depositional centre and internal surface and groundwater drainage towards the 
centre of the basin (Brown and Stephenson, 1991; Kingham, 1998). An enduring feature of the 
topography has been a subdued depression within the basin that has been periodically flooded by 
epicontinental seas throughout the Cenozoic. Given these structural constraints, all surface and 
groundwater flow is directed towards a depositional centre in the central west of the basin, where 
it is at its thickest over ~600 m. Since the  basin is closed, and separated from the Southern 
Ocean, the Murray River flows through an incised gorge in the Padthaway Ridge, which is the 
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only means for drainage of surface and groundwater to discharge into the Southern Ocean 
(Kingham, 1998).  
The Murray Basin stratigraphy is strongly related to sea-level fluctuations rather than tectonic 
influence (Kingham, 1998; Stephenson and Brown, 1989).  The sediments were deposited during 
three periods of sea level rise and fall in the Tertiary, with a simplified stratigraphic cross section 
shown in Figure 3-13. The earliest period, when the Renmark Group was deposited, occurred  
during the Paleocene and continued to the lower Oligocene (Kingham, 1998). The second 
depositional episode occurred from the Oligocene to the mid-Miocene and was the result of a 
major marine transgression which flooded most of the western Murray Basin. The epicontinental 
sea that formed as a consequence resulted in the deposition of marl and limestone of the Murray 
Group, with clays deposited along the marine margins (Evans, 1988; Evans and Kellett, 1989; 
Kingham, 1998).  
A series of marine transgressions and regressions during the upper Miocene to Pliocene initially 
deposited clay and marl in a shallow marine margin, with concurrent deposition of fluvial and 
fluvio-lacustrine coarse grained sands comprising the Calivil Formation in the eastern part of the 
basin (Kingham, 1998). A subsequent regression during the early Pliocene resulted in the 
deposition of the fluvial Loxton-Parilla sands (Evans and Kellett, 1989; Stephenson and Brown, 
1989).  
During the Pleistocene, there was a period of uplift along the western margins of the basin. This 
uplift led to the damming of the Murray River to form Lake Bungunnia (Evans and Kellett, 1989). 
The Blanchetown clays were also deposited during this period. The stratigraphy of the Murray 
Geological Basin provides the structural framework for the occurrence of groundwater with each 
of the Tertiary units forming an aquifer (Barnett, 1991). 
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Figure 3-13: Stratigraphic cross-section from west to east across the Murray Geological Basin, showing important aquifers, aquitards 
and confining layers (from Evans and Kellett (1989)).  
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Local Geology 
The Riverland region lies on the western edge of the Murray Geological Basin. Its wetland 
sediments principally comprise clays of the Coonambidgal group, which unconformably overlies 
the Monoman Sands Formation (Gell, 2007). The depositional history of the wetlands in this 
study has been altered by the regulation of the River Murray and wetland use as salt disposal 
basins. Isolation of these water bodies from the main river channel and permanent inundation 
resulted in the wetlands becoming terminal systems. As a result there was an increased 
sedimentation rate in the wetlands, with estimates for Loveday at 4.0 mm/yr after European 
settlement and 10 mm/yr since 1958.  The Loveday sediments have been dated at 45 yr ± 0.5 for 
the upper 35 −40 cm. while the age of the wetland is 800 years (Gell, 2007).  
3.3.2. Regional Hydrogeology 
The hydrogeology of the region is confined by the structural controls of the Murray Geological 
Basin, with groundwater flow, aquifer shape and discharge areas defined by the stratigraphy of 
the basin (Brown, 1989). The stratigraphy of the Murray Basin is shown in Figure 3-13, with the 
main aquifers of importance in the being the confined Renmark group, the confined or semi-
confined Murray Group and the Loxton-Parilla sands aquifer. The Murray Basin is a saucer-
shaped sedimentary basin with sediments ranging from 200 m to 600 m thickness near the centre 
of the basin. The basin is  flanked on its margins by subdued highland areas, with the flow of 
groundwater predominantly from the margins towards the centre, shown in Figure 3-14 (Brown, 
1989; Evans and Kellett, 1989). Freshwater is confined to the areas of recharge in the highland 
margins, but increases in salinity and age down gradient towards areas of discharge. The flow of 
groundwater is roughly parallel to the Murray River from the eastern margins, but groundwater 
from the northern and southern margins is directed towards the river with a major discharge area 
near Renmark in South Australia. Groundwater flows from these margins under a low gradient, 
and increases in salinity as it follows this gradient due to additions of salt from infiltrating 
recharge water (Barnett, 1991; Evans, 1988). The River Murray acts as a discharge point for 
groundwater, and provides the only means for this water to eventually enter the sea. Despite the 
marine origin of the sediments, the salinity of the Murray groundwater basin is derived from 
marine aerosols, with the connate water flushed out of the system by recharge over the last 
100,000 years and a brief period of increased recharge at ~20 ka. However, there is some 
groundwater in the basin with ages >20000 years (Herczeg et al., 2001).  
The Renmark Group underlies all of that part of the basin overlying the pre-Cainozoic basement, 
and is comprised of fluvial clay silt and sand with minor gravel (Evans, 1988; Kingham, 1998). 
The Renmark Group aquifer is separated from the Murray Group by a low-permeability confining 
layer, the Ettrick formation, which consists of clays and marl grading to sand; the latter gives 
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limited connectivity to the Murray Group. The Murray Group in turn is overlain and confined by 
the Bookpurnong Beds in the east, but overlain and unconfined by the Loxton-Parilla Sands 
aquifer in the west (Brown, 1989; Evans and Kellett, 1989). 
The Pliocene Sands aquifer overlies the Renmark group directly in the eastern Murray Basin, and 
the Murray Group to the west. To the west, the Loxton-Parilla Sands form an unconfined aquifer 
within the Pliocene sands overlying the Murray Group aquifer, and contains highly saline 
groundwater which discharges directly into the Murray River (Brown, 1989).  
The salinities of these aquifers increases along the hydraulic gradient, with fresher water, ~250 
mg/L, near the areas of recharge and highest in areas near discharge, and more saline, >90,000 
mg/L, beneath localised refluxing below salt playas, particularly in the Renmark trough (Evans, 
1988; Evans and Kellett, 1989).  
 
Figure 3-14: Shallow groundwater flow in the Murray Basin. (Modified from Cupper (2006) 
and Evans (1988)). 
Groundwater flow in the Murray Basin runs parallel to the Murray River from the upland regions 
to the east. Flow then turns towards the Murray River in South Australia, with a major discharge 
area into the Murray River near Renmark. Flow is indicative of all aquifers in the region.   
 
Local Hydrogeology 
All three wetlands have formed in the Coonambidgal Formation, which is underlain by the 
Monoman Formation. The Coonambidgal clays are relatively impermeable, and comprise an 
aquitard above the Monoman sands. The Monoman Sands aquifer is unconsolidated coarse 
grained quartz and gravel, and is important as it comes into direct contact with the Murray River.  
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The Monoman Sands lies above the saline Loxton-Parilla Sands aquifer, and provides a conduit 
for lateral flow towards the Murray River with vertical leakage from the Loxton Parilla Sands to 
the Monoman Formation. Salinities in these aquifers range from 4000 mg/L to 35000 mg/L, with 
the Monoman Sands near Loveday having a salinity of 35000 mg/L to 80000 mg/L (Nikolai, 
2011; Walter, 2005; Yan, 2005). 
Locally, irrigation mounds have formed in the Cobdogla irrigation district (Loveday and Mussel) 
and the Berri irrigation district (Berri) (Hostetler and Radke, 1995). This has induced the flow of 
groundwater towards the floodplain along discrete, localised hydraulic gradients. 
In addition, an irrigation mound formed within the Loxton-Parilla Sands as a result of Mallee 
clearing and irrigation (Wallace, 2005). Subsequently, the hydraulic head is now higher than the 
Loveday Disposal Basin and the Berri Evaporation Basin, with water flowing towards them and 
discharging at the surface, thus developing salinity. The Mussel Lagoon wetland is influenced 
directly by the Murray River and the operation of Lock 3, where the hydraulic gradient results in 
flushing of the underlying aquifer by freshwater from the river. This local hydrogeology is shown 
for Mussel Lagoon and Loveday Disposal Basin in Figure 3-15. In the context of the salinisation 
of the Murray, the Monoman Sands is the most important unit as it comes into direct contact with 
the River Murray (Jarwal, 1996).  
 
Figure 3-15: Local Hydrogeology of Mussel Lagoon and Loveday Disposal 
Basin. (Modified from Lamontagne et al., (2005)). 
Locally, an irrigation mound has formed in the Loxton-Parilla sands, leading to discharge of 
groundwaters into the Loveday Disposal Basin. The weir pool level has also induced hydraulic 
gradients away from the river channel towards the floodplain. (figure not to scale) 
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The high potential evaporation rate results in highly saline shallow ground waters, with fresher 
groundwater occurring toward the bottom of the aquifers (Evans, 1988). The main aquifers of 
relevance to the field sites are the Loxton-Parilla Sands aquifer, the Murray Group aquifer, and 
the Quaternary Monoman Sands aquifer. The Monoman Formation consists of alluvial sand and is 
approximately 30 m thick and overlies the Loxton Parilla-Sands formation. Under natural 
conditions, the water table would intersect this aquifer, but since the installation of lock 3 near the 
Loveday site, water levels have risen, with the water table commonly residing in the 
Coonambidgal clays, which causes the aquifer to be semi-confined (Jarwal, 1996). 
The Pliocene Sands aquifer consists of the Parilla Sand and the underlying Loxton Sand. It is 
composed of estuarine sands with some clayey layers; the water composition trends from Ca-
HCO3 type at the margins to Na-Cl-Mg type towards discharge areas (Jarwal, 1996).  
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Chapter 4. Methods 
 Research Design 
The aim of this project are to examine the salient factors and rates at which sulfidic material 
forms in floodplain wetlands. Initial objectives were to characterise the sediments of the Loveday 
Disposal Basin and Mussel Lagoon, and determine the effects that the experimental flooding had 
had on salinity and acidity, both potential and actual, at the Loveday Disposal Basin. Following 
this initial characterization was a laboratory based experimental study, where sediment samples 
collected from the Loveday Disposal Basin, Mussel Lagoon and the Berri Evaporation Basin were 
studied under controlled conditions to determine the response of the sediments to inundation.   
 Field methods 
Field sampling was undertaken in February 2008 and January 2010. Sampling in 2008 was 
confined to the Loveday Disposal Basin and Mussel Lagoon, with the Berri Evaporation Basin 
included in the 2010 sampling period.  
Surface water and sediment samples were collected from the Loveday Disposal Basin and Mussel 
Lagoon, together with a water sample from the Murray River to highlight the freshness of the 
river water relative to the saline waters of the salt disposal basins. The location of sampling sites 
is shown in Figure 4-1. Sampling at the Loveday Disposal Basin in 2008 was conducted along 
two west-east trending transects from the western edge of the basin toward the centre. Sampling 
was biased by the field conditions and the previous research conducted at the Loveday site (cf. 
section 2.5). The transect in the North Basin was numbered 200 and the transect in the South 
Basin was numbered 400. A further site at the northern extremities of the Loveday Disposal 
Basin, was sampled because it is permanently inundated to manage the noxious odours emanating 
from the site. It has been labelled “Museum’ as it was located directly behind the Cobdogla Steam 
and Irrigation Museum. Sampling was biased towards sites that had been sampled on previous 
trips and to those that were accessible by foot. In 2010, sampling at the Berri Evaporation Basin 
and Mussel Lagoon was confined to areas near the shoreline, as Mussel Lagoon was inundated, 
and the sediments at Berri were highly thixotropic, with the associated risk of sinking to the knees 
or deeper.  
Sediment sampling was based on the morphology of the sediments. The two salt disposal basins 
were covered in an extensive salt and algal crust, which overlie clay rich sediments. The surface 
sediments of Mussel Lagoon, which were dry in 2008 and inundated in 2010, were absent the salt 
and algal crust present in the salt disposal basins.  The prismatic pedal structures encountered at 
the Loveday Disposal Basin had disaggregated into cobble sized angular peds of heavily 
aggregated clays. When sampled in 2010, the sediments of Mussel Lagoon were overlain with 
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monosulfidic black ooze. The ooze differed in texture and colour compared to the sediments 
immediately below, where heavy clays were present. Bulk samples, to be used in experiments, 
were collected from these surface layers, and smaller samples from depth were collected for 
chemical analysis.  
To sample the sediments at depth, an auger was used. Boreholes were dug until the water table 
was reached. Where it was possible, a gouge auger was used to obtain an undisturbed profile of 
those sediments. Sediment samples were stored in 70 ml HDPE specimen containers. Water 
samples were collected in 500 ml HDPE bottles. Water samples were not acidified or field filtered 
due to air transport requirements.  Due to the dry conditions at the Loveday Disposal Basin and 
Berri Evaporation Basin, water sampling was limited. Sediments were stored on dry ice for 
transport to the laboratory and then stored in a freezer at -20°C. Water samples were stored on ice 
for transport to the laboratory and then refrigerated at 4°C. 
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Figure 4-1: Location of sampling sites 
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 Analytical Methods 
Standard soil and water analyses were carried out on the samples collected from the field, as well 
as those generated during the experimental work.   
Waters 
Electrical conductivity and pH was measured on the water samples collected from the field in 
2008 and 2010.  
Sediments 
To minimise the oxidation of sulfide bearing minerals, sediments were analysed as-collected for 
chromium reducible and acid volatile sulfur, 1:5 electrical conductivity and pH. Major cations and 
anions were determined on a solution after a 1:5 sediment to water extraction. Subsequent 
analysis using ICP-AES and Ion Chromatography was performed after the solution was filtered 
through a 0.45 µm membrane filter (Millipore®). Data was corrected for sediment moisture 
content after drying a sub-sample at 105°C until a constant weight was achieved.  
To minimise biological and chemical transformations, sediments used in the analysis of total 
carbon, nitrogen and phosphorus were dried at 40ºC, then ground with an agate mortar and pestle 
to pass through a 250 µm sieve to ensure homogeneity. 
More detail of the analytical procedures is provided below in Table 4-1.  
Table 4-1: Analytical methods used for field and experimental samples 
Analyte Method Sample Type Reference 
Ca2+, Na+, K+, Mg2+ Samples acidified using 
HNO3 with analytes 
determined directly using 
a Varian Vista Pro Axial 
Inductively Coupled 
Plasma Atomic Emission 
Spectroscopy (ICP-AES).  
Sediments American Public 
Health Association, 
Standard methods 
(Eaton et al., 2005) 
SO42-, Cl-, Br-, F- These anions were 
determined using a 
Dionex ion 
chromatograph 
Sediments American Public 
Health Association, 
Standard Methods 
(Eaton et al., 2005) 
Fe2+  o-phenanthroline method 
and Abs510 using a Varian 
UV/Vis. 
Spectrophotometer.  
Water American Public 
Health Association, 
Standard Methods 
(Eaton et al., 2005) 
AVS (Savs) and CRS 
(Scr) (discussed in 
more detail below) 
Passive diffusion with 
trapped sulfide 
Sediments Modified from(Ahern 
et al., 2004; EPA, 
1996; Hsieh and 
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determined 
iodometrically.  
Shieh, 1997; Hsieh 
and Yang, 1989; Ulrich 
et al., 1997) 
Orthophosphate  Determined following the 
reaction with ammonium 
molybdate and potassium 
antimony tartrate in the 
presence of ascorbic and 
Abs880 using a Varian 
UV/Vis. 
Spectrophotometer 
Water American Public 
Health Association, 
Standard Methods 
(Eaton et al., 2005) 
Total carbon and total 
nitrogen (sediments) 
Dry Combustion with 
conductiometric 
determination using an 
Elementar VarioMAX 
CNS 
Sediments Soil Chemical 
Methods: Australasia 
(Rayment and Lyons, 
2010) 
Nitrate/Nitrite and 
Ammonium 
Flow Injection 
Auotanalysis (Lachat 
QC8500) Nitrate 
determined using 
cadmium reduction to 
nitrite, then diazotised 
with sulfanilamide and 
coupled with NED. 
Ammonium determined 
using hypochlorite and 
salicylate with colour 
intensified using sodium 
nitroprusside.  
Water Lachat Quikchem® 
Method 10-107-04-1-
A (nitrate/nitrite) 
(Wendt, 2007) 
Lachat Quikchem® 
Method 10-107-06-2-
A (ammonium)  
 
Total Phosphorus  Kjeldahl digest with 
H2SO4, K2SO4 and 
CuSO4 catalyst at 370ºC. 
Phosphorus determined 
as orthophosphate using 
a Lachat QC8500 FIA.  
Sediments Lachat 
Quikchem® Method 
13-115-01-1-B  
(Diamond, 2006) 
Soil Chemical 
Methods: Australasia 
(Rayment and Lyons, 
2010) 
Electrical Conductivity 
(EC), EC1:5w, pH, 
pH1:5w 
Waters measured 
directly. Sediments 
measured in 1:5 sediment 
to water extracts using a 
Thermo-orion EC pH 
meter.  
Sediments and 
Waters 
Soil Chemical 
Methods: Australasia 
(Rayment and Lyons, 
2010) 
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4.3.1. Sulfide Assays 
The procedure for determining the sulfide concentrations of sediments is based on the method of 
Ulrich et al., (1997), which utilises a passive diffusion technique. Briefly, passive diffusion 
involves volatilising the reduced sulfur in a closed vessel and trapping it as an insoluble metal 
sulfide followed by quantification. A modification was made to the procedure, where chromium 
metal powder was used in place of 1M chromous chloride solution. The apparatus used prevented 
a quantitiative determination of elemental sulfur. 
The reduced sulfide in sediments is quantified using two parameters: the concentration of acid-
volatile sulfides (AVS) and chromium-reducible sulfur (CRS). Amorphous FeS and poorly-
ordered mackinawite (FeS1-x), which are metastable precursors to pyrite, contribute to the AVS 
fraction, whereas the CRS is a measure of the total reduced inorganic sulfur (TRIS) which 
includes pyrite as well as the AVS fraction. Thus the difference between AVS and TRIS provides 
an estimate of the concentration of pyrite sulfur in a sample (Lamontagne et al., 2004). 
  (5.1) 
Given the unstable, ephemeral nature of AVS, their presence is an indication of ongoing active 
sulfate reduction.  
Acid-Volatile Sulfur Determination 
The apparatus for both acid-volatile sulfur and chromium-reducible sulfur was identical. A 1 litre 
glass bottle capped with a rubber stopper was used to ensure anoxia. For acid- volatile sulfur 
determination, 5 grams of sediment (as collected) was placed into the vessel with 10 mL of 
ethanol. A trap using a 15 mL centrifuge tube containing 13 ml alkaline 3% zinc acetate solution 
was placed into the vessel to trap evolved H2S(g) as ZnS(s). The vessel was purged with nitrogen 
gas for 30 seconds and closed with the rubber stopper. Using a syringe, 20 mL of deoxygenated 
9M hydrochloric acid was dispensed into the vessel. After extraction for 24 hours, the trap was 
removed and extracted sulfide determined iodometrically (EPA, 1996).  
Chromium-Reducible Sulfur Determination 
The chromium-reducible sulfur method is based on the conversion of reduced inorganic sulfur to 
H2S by an acidic chromous chloride solution (Sullivan et al., 1998). Similar to the acid-volatile 
sulfur method, the H2S evolved is trapped in a zinc acetate solution as ZnS. The reduced inorganic 
sulfur compounds measured by this method are pyrite and other iron disulfides, elemental sulfur 
in addition to the acid-volatile sulfides (Sullivan et al., 1998).   
Chromium (II) is a strong reductant, and in an inert atmosphere will reduce pyrite sulfur (as 
disulfide) to sulfide according to the redox reactions (A. G. Christy. pers. comm.): 
PyriteAVSTRIS +=
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   (4.2) 
 
  (4.3) 
 
  (4.4) 
 
Chromium reducible sulfur was carried out with the addition of 1.5 grams of chromium metal 
powder (-325 mesh), 2.5 grams of sample, two traps containing 13 ml 3% zinc acetate each and 
6M hydrochloric acid. The extraction took place over 48 hours. Following extraction, the traps 
were removed, with sulfide determined iodometrically (EPA, 1996). 
 
 Experimental Studies 
Following the characterisation of the sediments, an experimental study was conducted on samples 
collected from the field in 2010. The purpose of this experimental study was to determine the 
impact of the reductive transformation of sulfur on the cycling of nitrogen, phosphorus, and iron. 
A secondary aim was to measure the rate at which sulfide was formed in these sediments.  
 
4.4.1. Anaerobic Transfer Protocol 
Experiments were carried out in serum bottles sealed with either butyl or natural rubber stoppers 
and tear-away aluminium caps, to ensure anoxia. All media were boiled and then purged with 
argon during cooling to remove oxygen.  
To remove samples for analysis, a modified Hungate procedure was employed (Miller and Wolin, 
1974) A cut-off 5 mL syringe fitted with a 19G needle was inserted into butyl tubing connected to 
a gas cylinder of high-purity argon gas. This apparatus and another syringe for collecting the 
sample was inserted into the butyl rubber stopper in the serum bottles with the pressure of the gas 
used to withdraw a sample.  
4.4.2. Kinetics Experiments 
Sediments for experimental procedures were dried rapidly at 40ºC and then ground to pass a 
52µm sieve. 50g of sediment, and 500ml of Reverse Osmosis Deionised water previously purged 
with Argon to remove oxygen, was placed into a 500 mL glass transfusion flask fitted with a 
−+ +→ eCrCr 22
SHHeS 2
2
2 242 →++
+−−
)(2222)( 24 2 g
N
s SHFeClCrClHClFeSCr ++→++
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rubber stopper to allow anoxic transfer of the supernatant. Deoxygenated water was used to 
rapidly induce anoxia as the use of oxygenated water would have prolonged the experiments due 
to the initial period of oxidation and previous attempts with oxygenated water resulted in 
inconsistent data. The pH was not adjusted, nor was a carbon source added as previous trials had 
showed that adding a carbon source resulted in a significant time lag before sulfate reduction 
commenced (data not shown). The flasks were stored at room temperature in light. Aliquots of the 
supernatant were collected daily at 3 pm and filtered through a 0.45µm membrane filter 
(Millipore®) and analysed immediately to avoid oxidation of the ferrous iron and reduced sulfur. 
Care was taken not to disturb the sediments during sampling. 
Sediment slurries were collected in the same manner, after water sampling, but the sediments 
were dispersed by shaking prior to collection. 
Measurements of Scr, Savs, Fe2+, orthophosphate, nitrate and ammonium were measured daily for 2 
weeks, then 2 more measurements 1 and 2 weeks later.  
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Chapter 5. Results 
Initial studies were focused on the Loveday Disposal Basin and Mussel Lagoon. These studies 
characterised  the salinity and actual and potential acidity in the sediments at the Loveday 
Disposal Basin and Mussel Lagoon sites, following the experimental reflooding in 2006.  
At the time of sampling in 2008, Mussel Lagoon and the Loveday Disposal Basin had a prolonged 
drying phase imposed on them by drought conditions. The two wetlands had differing water 
management plans in place prior to the drought. The Loveday Disposal Basin was subject to an 
experimental wetting-drying cycle in 2006, while Mussel Lagoon has a wetting-drying régime as 
part of long-term management (cf. section 3.2.2).  
Following the experimental reflooding of the Loveday Disposal Basin in 2006, characterisation of 
the salinity levels was necessary to determine if there was a significant salinity change due to the 
influx of freshwater. Mussel Lagoon was included in this study to compare and contrast 
biogeochemical cycling in a wetland that has not been degraded by rising salinity.  
Later, during the experimental phase of this project, the Berri Evaporation Basin was incorporated 
into this study. Given that the Berri Evaporation Basin was included at a late stage, there is no 
detailed characterisation of it, as has been done for the Loveday Disposal Basin and Mussel 
Lagoon. However, the Berri samples which were used in the experimental studies have yielded 
data which are presented briefly to show similarities to the sediments from Loveday.  
The Berri Evaporation Basin, which was not sampled in 2008, has had a significant reduction in 
the volume of water received in recent years, but there are future plans to inundate parts of the site 
as a conservation measure (DSEWPAC, 2012; Katfish Reach Steering Group, Unknown; 
Lamontagne et al., 2008; S.A Field and Game Association Barmera-Moorook Region, 2005) . 
The experimental studies, conducted in the laboratory with samples collected from the field in 
2010, focused on the production of sulfide and the liberation of phosphate and reduced iron, and 
as well as studies on the cycling of nitrogen.  
All of the analytical data collected is available in Appendix A. 
 
 Site Characterisation 
This study has been largely experimental, but an initial site characterisation was undertaken, to 
determine the effect of the experimental reflooding on the physicochemical properties of the 
Loveday Disposal Basin. 
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The following details the physicochemical properties of the sediments collected from the Loveday 
Disposal Basin, Mussel Lagoon and the Berri Evaporation Basin. Data is presented graphically 
for sediments collected from the Loveday Disposal Basin and Mussel Lagoon in 2006, and data is 
presented in tables for the Berri Evaporation Basin for samples collected in 2010.  
One site each in the Berri Evaporation Basin and Mussel Lagoon and six sites for the Loveday 
Disposal Basin were sampled. The Loveday Disposal Basin samples were collected along west-
east trending transects from the margins of the basin towards the centre, in the North and South 
parts of the basin (cf. Figure 3-5). These transects are numbered ‘400’ for the South Basin and 
‘200’ for the North Basin, with the site numbers increasing with distance from the margin of the 
basin. Another site at the northern reach of the basin, named the ‘Museum site’, is permanently 
inundated to minimise the generation of noxious odours from the basin; it was included to 
determine the effects of water cover on the sediments and was located behind the Cobdogla Steam 
and Irrigation Museum (cf. Figure 4-1).  
 Salinity 
The profiles of electrical conductivity (EC) with depth are shown in Figure 5-1 for the Loveday 
Disposal Basin and Mussel Lagoon sites, and for the Berri Evaporation Basin in Table 5-1. In 
general, the electrical conductivites are highest for the surface sediments of all three wetlands and 
decrease rapidly with depth, indicating  a concentration of salt at the surface typical of an 
evaporation profile. The exception is the Museum site, which was inundated at the time of 
sampling. The EC for the Museum site is more uniform with depth, consistent with movement of 
solutes down through the sediments and dilution at the surface from the continued influx of 
freshwater. 
The vertical distribution of major ions (Figure 5-2) follows the same trend as electrical 
conductivity with the highest concentration of major species at the surface and decrease in 
concentrations with depth. For sites Museum, 205, and 402, the ions with highest concentration 
are chloride and sodium, consistent with halite precipitation. The calcium and sulfate 
concentrations are also high, which is indicative of gypsum precipitation-dissolution. Sulfide 
oxidation may also contribute to the high sulfate concentrations at the surface.  
The salinity at Mussel Lagoon is elevated, but unlike the Loveday sites, the major constituent ion 
is sulfate. The high sulfate concentration at Mussel Lagoon may be an indicator of oxidation of 
sulfide in the sediments, which in turn would have resulted from sulfate reduction in the past.  
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Table 5-1: 1:5 Electrical Conductivity for sediments collected form the Berri 
Evaporation Basin 
Sample EC (mS/cm) 
Berri (Surface) 30.4 
Berri (2-10 cm depth) 17.05 
Berri (20-30 cm depth) 8.66 
Berri (>30 cm depth) 2.78 
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Figure 5-1: Electrical Conductivity of 1:5 soil profile of 1:5 soil to water extracts on sediments collected from the Loveday 
Disposal Basin and Mussel Lagoon. Samples were collected in 2008. 
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Figure 5-2: Major anion and cation concentrations from 1:5 soil to water extracts (semi-log plot). Data is from samples collected in 
2008. 
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Water Chemistry 
Water samples were collected during sampling in 2008 and 2010. The sampling undertaken in 
2008 was more thorough, included groundwater samples, and focused on the Loveday Disposal 
Basin. Surface waters were collected from the Murray River and where present, the Loveday 
Disposal Basin, Mussel Lagoon and Berri Evaporation Basin. The electrical conductivity and pH 
data is shown in Table 5-2.  
Table 5-2: Electrical Conductivity and pH data for water samples collected. 
Site EC (mS/cm) pH 
Loveday 206 (2010) 81.5 7.56 
Museum Site (2010) 35.9 7.05 
Mussel Lagoon (2010) 0.939 6.35 
Murray River (2008) 0.343 7.78 
Berri Surface Water (2010) 13.39 7.71 
 
 Actual and Potential Acidity 
The potential for acid generation at the Loveday Basin, Berri Evaporation Basin, and Mussel 
Lagoon stems from the presence of significant quantities of reduced sulfur. The actual acidity is 
current acidity, and includes soluble acidity and acidity sorbed onto clays in the sediment matrix, 
as well as any organic acids present (Ahern et al., 2004). The spatial distribution of sulfides, 
representing potential acidity, will be shown, as well as the pH values for the sediments. 
5.3.1. Actual Acidity 
The pH values with depth for the Loveday Disposal Basin and Mussel Lagoon are shown in 
Figure 5-3, with data for the Berri Evaporation Basin in Table 5-1. 
The pH of the surface sediments at the Loveday Disposal Basin is near-neutral, but an acidic layer 
(pH decreasing to ≤ 5) occurs at 5−35 cm depth in the South Basin (401 and 402 sites) and the 
202 site in the he North Basin. Sites 203 and 205 sites in the North Basin remained near neutral, 
even at depth. The Museum site had pH values of 7.5 at the surface, rising to 8.3 with depth. The 
spatial distribution of acidity in the Loveday sediments reflects the distribution of salinity and the 
exposure of the sediments following drying. Drying of the basin would be expected to occur away 
from the edges of the basin towards the deeper centre, but also from the south of the basin 
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downslope towards the north, given that the Museum site is permanently inundated as a public 
health measure. Hence, the impact of drying and oxidation on the sediments is more evident at the 
Loveday South Basin and the 202 site, as these sites would have been exposed for a longer time 
than those of the North Basin, which is down-gradient from the South Basin.  
The extensive salt crust on the surface of the Loveday Disposal Basin aids in neutralising the 
acidity generated by the oxidation of sulfur in the surface sediments. The consistently near-neutral 
surface layer suggests that any acidity is effectively neutralised by the carbonates in the salt crust.  
The sediments at the freshwater Mussel Lagoon were exposed at the time of sampling in 2008, 
and were found to contain some sulfate acidity, with pH values lower than those observed at the 
Loveday Disposal Basin. The surface sediments had a pH of ~4 in general, but one sample as low 
as 3.25. These sulfate-rich acidic sediments were confined to the upper 20 cm of Lagoon 
sediments, with the pH increasing beyond this depth to values greater than 7. When sampled in 
2010, the pH of the surface sediments had risen to 6.49, indicating some recovery in this system 
from the acidity.  
There appears to be no acidity generated at the Berri Evaporation Basin (Table 5-3); the pH of the 
sediments collected from this site were always greater than 7.  
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Figure 5-3: pH variation with depth for Loveday North and South Basins, the Museum site and Mussel Lagoon on samples 
collected in 2008 
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Table 5-3: 1:5 soil to water pH data for the Berri Evaporation Basin 
Sample pH 
Berri (Surface) 8.24 
Berri (2-10 cm depth) 7.78 
Berri (20-30 cm depth) 7.69 
Berri (>30 cm depth) 8.21 
5.3.2. Potential acidity  
Sulfidic material are known to generate acidity upon oxidation, and the stores of reduced sulfur in 
wetland sediments can give an indication of their acid-generating potential.  
Total Reduced Inorganic Sulfur 
The total reduced inorganic sulfur content of the sediments from Loveday North and South Basins 
and Mussel Lagoon are shown in Figure 5-4, with data for the Berri Evaporation Basin shown in 
Table 5-4. The pH profiles suggest that much of the sulfide at these sites has oxidised. These two 
sites would have been the first to experience drying, both before and after the experimental 
flooding in 2006, due to their location near the edge of the basin  
The other two sites, Museum and 205, show a very different pattern. There is a marked increase in 
sulfide content below the surface at approximately 30 cm depth. The pH profiles for these two 
sites (cf. Figure 5-3) show an increase in pH with depth. The Museum site was inundated at the 
time of sampling, and will remain so into the future. The sediments at this site are yet to 
experience the prolonged drying phase experienced by the rest of the Loveday Disposal Basin. In 
the case of the 205 site, the sediments at the time of sampling were yet to experience significant 
drying.  
Acid-Volatile Sulfur  
The distribution of AVS with depth is shown in Figure 5-5, with the data for the Berri 
Evaporation Basin shown in Table 5-4.  
The distribution of AVS in the sediments collected from the Loveday Disposal Basin was 
heterogeneous, and reflected the amount of time that the sediments had been exposed to the 
atmosphere. The AVS concentrations for the drier Loveday South (400) sites were between 25 
mg/kg (at 0 cm) and 130 mg/kg (at 25-30 cm), considerably lower than for the Northern (200) 
sites (> 500 mg/kg) and the Museum site (> 1000 mg/kg).  
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The Museum site was inundated at the time of sampling, and the 205 site had only recently been 
exposed. The AVS was preserved in the sediments due to anoxic conditions maintained by water 
cover. The higher concentrations at the surface are due to the sulfate reduction rates being higher 
at the surface, given the presence of high concentrations of carbon and sulfate. Sulfate reduction 
at depth is dependent on the diffusive flux of these solutes, either through diffusion or transport of 
solutes through pore space in the sediments.  
The AVS concentrations at Mussel Lagoon were comparable to the Loveday South (400) site and 
are low, due to the sediments being exposed to the atmosphere and the subsequent oxidation of 
the reduced sulfur in the sediments.  However, when Mussel Lagoon was sampled in 2010 during 
inundation, there was 1107 mg/kg of AVS in the surface sediments of Mussel Lagoon, 
comparable to the Museum site, but with the concentration decreasing below this surface horizon 
to 182 mg/kg at 2-5 cm.  
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Figure 5-4: Chromium-reducible sulfur content of sediments for Loveday North and South, the Museum site and Mussel Lagoon. 
Data from samples collected in 2008. 
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Figure 5-5: Acid-volatile sulfur content of sediments from the Loveday Disposal Basin and Mussel Lagoon. Data from samples 
collected in 2008. 
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Table 5-4: Chromium-reducible and Acid-volatile sulfur concentrations for 
sediments collected from the Berri Evaporation Basin in 2010 
Sample CRS (mg/kg) AVS (mg/kg) 
B2 (0-10 cm depth) 7456 200 
B2 (<30 cm depth) 4992 21 
5.3.3. Nutrient Stores 
Sediments in wetlands are long terms sinks for nutrients (Reddy and DeLaune, 2008). The 
nitrogen concentrations for the sediments from Mussel Lagoon and the Loveday Disposal Basin 
are shown in Figure 5-6, with phosphorus shown in Figure 5-7, with the data for the Berri 
Evaporation Basin shown in Table 5-5.  
The nutrient concentrations in the sediments from Loveday and Mussel Lagoon show similar 
trends to those of the major ions. There is a concentration of nutrients at the surface and the top 
~30 cm of sediments, with a marked decrease below this depth. In contrast the nutrient 
concentrations at the Museum site were high down to a depth of ~50 cm.  
The sediments are not enriched with nitrogen, with the concentrations falling within the range of 
50 to 3000 mg/kg typical of soils found in Australia. However, the sediments from the Berri 
Evaporation Basin were enriched in nitrogen, the concentration of total nitrogen in the surface 
samples being over 4000 mg/kg.  
The phosphorus concentrations of the sediments in the Loveday Disposal Basin and Mussel 
Lagoon are similar at 150 mg/kg, with the exception of the 200 site, where the concentrations are 
approximately double those encountered elsewhere. Excluding the 200 site, the concentrations are 
typical of most Australian soils, where values are below 200 mg/kg (Rayment and Lyons, 2010). 
However, the nutrient concentrations for the sediments from the Berri Evaporation Basin are 
much higher, with values double those found at the Loveday North site. Thus, these sediments are 
enriched in both phosphorus and nitrogen.  
Note that the concentrations given here are for total phosphorus and total nitrogen and do not give 
any indication of speciation, and hence the availability of nitrogen and phosphorus for 
mineralisation, microbial or plant growth.   
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Figure 5-6: Total Nitrogen in sediments collected from the Loveday Disposal Basin and Mussel Lagoon. Data from samples collected 
in 2010. 
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Figure 5-7: Total phosphorus concentration in sediments from the Loveday Disposal Basin and Mussel Lagoon. Data collected 
from samples collected in 2010. 
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Table 5-5: Total nitrogen and total phosphorus for sediments from the Berri 
Evaporation Basin. 
Sample Total nitrogen (mg/kg) Total Phosphorus (mg/kg) 
Berri (Surface) 4160 457 
Berri (2-10 cm depth) 3480 334 
Berri (>30 cm depth) 543 117 
5.3.4. Carbon 
The total carbon content of the sediments collected from the Loveday Disposal Basin and Mussel 
Lagoon are shown in Figure 5-8, with data for the Berri Evaporation Basin shown in Table 5-6.  
Following the same trend as nitrogen and phosphorus, the carbon concentrations in the sediments 
are highest at the surface and decrease with depth, with a sharp boundary at 20−30 cm at Loveday 
and at 50 cm at Mussel Lagoon. The concentration at the museum is high down to 50 cm depth. 
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Figure 5-8: Total carbon concentrations with depth for sediments collected from the Loveday Disposal Basin and Mussel Lagoon. 
Data collected from collected in 2010.  
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Table 5-6: Total Carbon Data for samples from the Berri Evaporation Basin. 
Sample Total Carbon (mg/kg) 
Berri (Surface) 80263 
 
Berri (1-2 cm depth) 92508 
 
Berri (>30 cm depth) 7119 
 
 Experimental Studies 
All three wetlands were sampled at this time. Sediments were collected from one site each from 
Mussel Lagoon and the Berri Evaporation Basin, and two sites at the Loveday Disposal Basin. 
These, the 200 and 400 sites, were located in the North and South Loveday Basins respectively. 
All samples were used in incubation experiments, where anoxia was induced in vitro and the 
concentrations of sulfide (both AVS and CRS), ferrous iron, ammonium, nitrate, and phosphate 
were measured daily.  
5.4.1. Sulfide production 
Sulfide concentrations were measured daily, with sulfide production rates determined from linear 
regression. These experiments included sediments from the Berri Evaporation Basin, but the 
Museum site was excluded. The rates of sulfide production were measured for surface samples 
only, since these were the only samples for which the experiments were routinely and consistently 
successful, evidenced by the formation of a precipitate of black iron monosulfide. Phosphate and 
ferrous iron were measured at the same time as reduced sulfur.  
Both CRS and AVS were measured daily for a period of 2 weeks. The results are shown 
graphically in Figure 5-9 and Figure 5-10. Most of the data followed linear trends with time, 
consistent with zero-order kinetics. Hence, linear regression was used to estimate production 
rates. Some deviations from linearity are discussed below; these data were excluded from the 
linear regression.  The rates of formation of chromium-reducible sulfur are shown in Table 5-7 
and those of AVS formation in Table 5-8. 
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Table 5-7: Rates of chromium-reducible sulfide formation.  
Site Rate  (CRS) 
(mg/kg/day) 
R2 (CRS) Number of 
Measurements 
Start Day End 
Day 
400 12 0.92 10 0 11 
200 14 0.93 10 0 11 
Mussel Lagoon 24 0.90 8 3 11 
Berri Evaporation 
Basin 
35 0.96 6 6 11 
 
 
Table 5-8: Rates of acid-volatile sulfide formation. 
Site Rate (AVS) 
(mg/kg/day) 
R2 (AVS) Number of 
Days 
Regression 
Start Day 
Regression 
End Day 
400 8.8 0.98 7 3 11 
200 6.8 0.91 9 0 11 
Mussel Lagoon 14 0.96 9 1 11 
Berri Evaporation 
Basin 
13 0.84 7 3 11 
 
The sulfide production rates were highest for the samples from the Berri Evaporation Basin and 
Mussel Lagoon, with the rates for the two Loveday sites being similar to each other.  
The AVS data shows a period of dormancy followed by a rapid increase in the amount of sulfide 
produced. The induction period was not observed for Loveday South, but was 1 day for Mussel 
Lagoon and 3 days for Loveday North and Berri (Figure 5-10). However, the production of 
chromium-reducible sulfur did not exhibit this period of dormancy (Figure 5-9).  For Loveday 
North and South, as well as Berri, the production of sulfide began immediately, although this was 
very slow for the first 6 days in the Berri sample. The Mussel Lagoon sample showed a decline in 
CRS for the first 2 days of the experiment, presumably due to sulfide oxidation.   
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Figure 5-9: Chromium-reducible sulfur concentration plotted against time for Loveday North and South (400 and 200 respectively), 
Mussel Lagoon, and the Berri Evaporation Basin. 
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Figure 5-10: Acid-volatile sulfur production with time for Loveday North and South, Mussel Lagoon and the Berri Evaporation 
Basin 
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5.4.2. Iron Mobilisation 
Concurrent to the measurement of sulfide production, the mobilisation of ferrous iron was 
measured. The abiotic and biotic reduction of iron could result in the liberation of phosphorus and 
other trace elements into solution, if the redox conditions are favourable. Under low redox 
potentials, insoluble ferric (oxyhydr)oxides will be reductively solubilised to ferrous iron, which 
is more soluble, and can liberate phosphate sorbed to the surfaces of the ferric (oxyhydr)oxides. 
The liberation of ferrous iron through reductive dissolution of ferric species is shown in Figure 
5-11, plotted with the AVS production data.  
For all sites, the mobilisation occurs at the same time that sulfide is produced, and exhibits the 
same dormancy that was present in the AVS data. The highest concentrations measured were for 
Mussel Lagoon, where the ferrous iron concentration reached ~16 mg/L.  For Loveday South 
(400), the concentrations were just below 3 mg/L. For Loveday North (200) and Berri 
Evaporation Basin, the ferrous iron concentrations were significantly less than the other 2 sites, 
with the highest concentration at Loveday North being ~0.3 mg/L and for Berri 0.15 mg/L.  
There were analytical issues with measuring ferrous iron in this experiment. As the sulfide 
formed, it remained in suspension and was time consuming to filter, resulting in a loss of ferrous 
iron, as shown in the data immediately after sulfide was produced, the ferrous iron concentrations 
fell dramatically, but returned to higher levels after the filtering issue was addressed by using 
smaller aliquots. Particularly for the samples from Mussel Lagoon, the iron sulfide which formed 
remained suspended in the supernatant, shown in Figure 5-12, and proved difficult and time 
consuming to filter out and there was a subsequent loss in analyte due to the rapid oxidation of 
ferrous iron to ferric iron. 
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Figure 5-11: Ferrous iron mobilisation compared with sulfide formation. 
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Figure 5-12: Experimental apparatus for sulfide production and iron and 
phosphate liberation. 
Note the discolouration of the Mussel Lagoon sample (second from right) due to the 
suspended iron sulfide. 
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5.4.3. Phosphate Liberation 
The concentration of phosphate in the supernatant was measured to determine if pulses of 
nutrients could be liberated from the sediments following inundation and the associated reduction 
of redox potential. 
The phosphate liberation, shown in Figure 5-13, shows that for Loveday North and South and 
Berri Evaporation Basin the liberation of phosphate is not directly related to the production of 
sulfide or iron reduction. The exception to this is sediments from Mussel Lagoon where the 
liberation of phosphate begins after the generation of sulfide and the liberation of ferrous iron. 
The liberation of phosphate from the sediments from Mussel Lagoon was also much greater than 
that which occurred in the other samples. Given the magnitude of iron and phosphate mobilised 
from these sediments, the experiment was continued for a further 25 days on Mussel Lagoon with 
the data shown in Figure 5-14. 
For the sediments from the Loveday Disposal Basin and the Berri Evaporation Basin, the 
mobilisation of phosphate was modest, with Loveday North (200), Loveday South (400) and Berri 
having phosphate concentrations in the range of 0.1 mg/L to 0.3 mg/L. In contrast to these values, 
the concentrations observed for the sediments from Mussel Lagoon were significantly greater than 
those observed at the other two sites. By the end of the initial 11 day sampling period, the 
concentrations of phosphate observed for the Mussel Lagoon sediments reached a value of 3.3 
mg/L. Following the extended sampling period, the values reached 8.75 mg/L.   
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Figure 5-13: Phosphate liberation versus monosulfide production. 
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Figure 5-14: Long term phosphate liberation from Mussel Lagoon 
 
 
 
5.4.4. Nitrogen Cycling 
With the same experimental design, in separate microcosms to those used  for the phosphorus, 
iron and sulfide, the ammonium and nitrate concentrations were measured as a function of time. 
The data for ammonium is shown in Figure 5-15. The nitrate concentrations for all samples were 
below the detections limits of 0.2 mg/L.  
The ammonium concentrations showed an initial pulse, and then plateaued. The concentrations 
were highest for Loveday North (400) (25 mg/L) and South (200) (35 mg/L) and lowest for the 
Berri Evaporation Basin (7 mg/L). Unlike the phosphorus and iron mobilisation, the mobilisation 
of ammonium from Mussel Lagoon, whilst high at 15-20 mg/L, did not exceed that from the 
samples from Loveday.  
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Figure 5-15: Ammonium concentration with time. 
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Chapter 6. Discussion 
 Overview of the sites 
This study has highlighted the effect that changing hydrological régimes can have on 
biogeochemical cycles in floodplain wetlands.  The change in redox environment following 
inundation, exerts considerable influence on the cycling of iron and sulfur, which in turn, 
influences the cycling of phosphorus. 
Initial studies focused on the effect of an experimental reflooding of the Loveday Disposal Basin 
on the salinity and acidity of the sediments in the basin. Mussel Lagoon was sampled at this time, 
to compare a freshwater wetland to the hypersaline Loveday Disposal Basin. Mussel Lagoon, 
which was dry at the time, was found to contain acid sulfate sediments. 
Following this initial characterisation, an experimental study included sediments from the Berri 
Evaporation Basin as well as the previously studied wetlands; this highlighted the differences 
between salt disposal basins and freshwater wetlands. The aim of this experimental study was to 
determine the effects of sulfur cycling on the cycling of iron, phosphorus and nitrogen. The 
secondary aim of the experimental study was to calculate the rates at which sulfides formed in 
these sediments.  
The Loveday Disposal Basin and Mussel Lagoon sites were sampled in early 2008 to determine 
the effects of the experimental re-flooding on the sediments of the Loveday Disposal Basin. 
Earlier work on these sites had focused on water chemistry and hydrodynamics, and had not 
involved sampling of the sediments (Lamontagne, 2006; Lamontagne et al., 2008).   
The two sites are connected through surface water networks, but the hydrological régimes of the 
sites differ, with managed wetting-drying cycles in place at Mussel Lagoon. Only the northern 
reaches of the Loveday Disposal Basin, near the Steam Museum, were kept inundated, to 
minimise the generation of noxious odours. However, due to drought conditions, water allocations 
to Mussel Lagoon were reduced as part of a broader water savings measure by the South 
Australian Government, and it had dried out at the time of sampling in 2008. 
6.1.1. Salinity  
Salinity at the Loveday Disposal Basin 
Despite the influx of freshwater during the experimental flooding, the salinity of the sediments at 
Loveday remained extremely high. Salinity was highest for the samples collected from the surface 
of the basin, indicative of evaporation, and decreased with depth. Electrical conductivity for the 
surface sediment samples ranged from ~70 mS/cm for the North Basin, ~50 mS/cm for the South 
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Basin and down to 17 mS/cm at the Museum site. The electrical conductivity decreased 
dramatically to values of <5 mS/cm immediately below the surface at all sites, and remained at 
these values down to the water table.  
The salt chemistry of the surface sediments, determined from 1:5 sediment to water extracts, is 
dominated by Na+ and Cl-. Chloride concentrations ranged from ~70000 mg/kg for the North 
Basin, 40000 mg/kg for the South Basin and 30000 mg/kg for the Museum site. Sodium 
concentrations ranged from ~40000 mg/kg for the North Basin, 23000 mg/kg for the South Basin, 
and 17000 mg/kg for the Museum site. The concentrations of sodium and chloride decrease with 
depth, as do those of other major cations and anions. The decrease in the salt concentration with 
depth was not as pronounced at the Museum site as it was elsewhere in the Loveday Disposal 
Basin. 
After chloride and sodium, the next most abundant ion in the sediment extracts was sulfate. The 
sulfate concentration of the sediments was highest for Loveday North, where it was ~30000 
mg/kg, with lower concentrations of ~10000 mg/kg in the South Basin and ~9000 mg/kg for the 
Museum site. The high sulfate concentration in the sediments contributes to the accumulation of 
sulfide in the sediments through microbial metabolism.  
The experimental reflooding had minimal impact on salinity. The Loveday Disposal Basin 
remained highly saline after the flooding, and any benefit from the influx of freshwater would 
have been short-term. During the experimental reflooding, there was density stratification as the 
fresh input water overlaid the more saline water which was already present in the basin. Salinity 
levels fell to <15 mS/cm during the reflooding with salinity levels returning to the levels seen 
previously, >60 mS/cm (Lamontagne et al., 2008). To manage salinity these wetting-drying cycles 
would need to be combined with flushing flows to remove the salt from the system.  
Salinity at Mussel Lagoon 
The sediments at Mussel Lagoon were exposed at the time of sampling in 2008. The surface 
sediments were found to be saline, with an electrical conductivity of ~5 mS/cm. Analysis of these 
sediments showed the salinity is dominated by sulfate, with a concentration of 14000 mg/kg, 
which is higher than that found at Loveday South or the Museum site. The high concentration of 
sulfate in these sediments results from the formation and subsequent oxidation of sulfidic material 
in this wetland. This finding was unexpected, as Mussel Lagoon was not thought to be affected by 
sulfidic material. However, the data suggested that, prior to the drying régime imposed on the site 
as a water-saving measure, a significant quantity of sulfidic material was present at this site. The 
high sulfate concentrations at Mussel Lagoon are confined to the surface sediments, so the 
sulfides that formed in this wetland formed very recently, rather than over a relatively long period 
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of time as at Loveday. Now that this wetland has such elevated concentrations of sulfur within its 
sediments, the system may degrade further through enhanced sulfur cycling. 
  Actual and Potential Acidity 
Given the quantity of reduced sulfur contained in the sediments and the imposition of a prolonged 
drying phase, there was a risk of acidification of the sediments contained in all wetlands. An 
initial part of this research project was to determine the effects of the experimental reflooding on 
the Loveday Disposal Basin in terms of acidity generation and the distribution of reduced sulfur 
in the sediments. Mussel Lagoon was incorporated to allow for a comparison between fresh and 
saline wetlands.  
6.2.1. Actual Acidity 
The acidity at Loveday is confined to the very recent sediments within 40 cm of the surface, 
representing deposition since the Basin was commissioned as a salt disposal basin in the 1970s 
(Gell, 2007). There is a horizon at approximately 20 cm which typically has a pH below 5. This 
was encountered in the South Basin (the 400 sites) and at the 202 site in the North Basin, nearest 
the outer margin of the wetland. These sites would have been exposed to the atmosphere for much 
longer than the other sites sampled at Loveday.   
When sampled in 2008, Mussel Lagoon was found to contain acid sulfate materials at a depth of 
0-5 cm. The concentration of sulfur in these sediments is a consequence of reduction of dissolved 
sulfate, which fixed sulfur into the wetland sediments as insoluble metal sulfides. This sulfur has 
since oxidised, and lowered the pH significantly, with some strongly acidic sites exhibiting pH 
values below 4 in this wetland. However, when the wetland was sampled in 2010, while it was 
inundated, the pH of the water in the wetland was 6.35, indicating the system had recovered and 
much of the acidity had been neutralised.  
The formation of acid sulfate materials at Mussel Lagoon may be related to the differences in 
hydrologic connectivity between this site and the Loveday Disposal Basin and the Berri 
Evaporation Basin. Alkalinity is generated during the microbial formation of sulfides. Mussel 
Lagoon is connected to the Loveday Disposal Basin through surface networks, so water has been 
released into the Loveday Disposal Basin during the experimental reflooding, as well as by 
previous unauthorised release through vandalism, has exported alkalinity from the Mussel Lagoon 
system.  
The steep pH gradients found in the sediments of both Mussel Lagoon and the Loveday Disposal 
Basin are very significant. The changes can be from pH 8 to pH 4 across a vertical distance 5 cm, 
representing a 10 000 fold change in acidity. This steep pH gradient is confined to the upper ~30 
cm of sediments, with the pH increasing to >7 and being sustained down to the water table. For 
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the Loveday Disposal Basin, this gradient gives an indication that the buffering capacity of the 
surface salt crust, 0-5 cm, is high, whereas the buffering capacity of the sulfidic material below 
the surface, 5-30 cm, has been exhausted and continued oxidation may lead to the formation of 
sulfuric material.  
6.2.2. Potential Acidity 
The presence of reduced sulfur, as both AVS and CRS, is an indicator of the potential for acidity 
to be generated should such sulfidic material be oxidised. The two sulfide fractions behave and 
react differently during formation and oxidation. The metastable monosulfide, measured as AVS, 
is the immediate product of the reaction of reduced sulfur with reactive iron. Hence, the AVS is 
being used in this study as an indicator of recent sulfate reduction. The bulk of the reduced sulfur 
present at the Loveday Disposal Basin and in Mussel Lagoon was as pyrite. 
Reduced sulfur in the Loveday Disposal Basin and Mussel Lagoon was confined to the recent 
sediments. The distribution of sulfide minerals, both pyrite and monosulfide, varied across all 
wetlands. For the Loveday Disposal Basin, the majority of the reduced sulfur was in the upper 30 
cm of the sediments, while in Mussel Lagoon, when sampled in both 2008 and 2010, the bulk of 
the reduced sulfur was more tightly confined to a thin 0-5 cm horizon at the surface. 
The distribution of acid-volatile sulfur at the Loveday Disposal Basin and Mussel Lagoon 
depended on the extent to which the sediments had been exposed to the atmosphere. There were 
significant quantities of AVS at the surface of Loveday North and at the Museum Site, with lesser 
quantities at Mussel Lagoon, Berri Evaporation Basin and Loveday South. The Loveday North 
site had only recently been exposed, whilst the Museum site was inundated at the time of 
sampling, and under current management programs remains so. Hence, the AVS remains in 
reducing conditions, and was most abundant at these sites. 
For Loveday South, the acid volatile sulfur content of the sediments was low: < 200 mg/kg, with 
the highest concentration found at ~20-30 cm. Since the Loveday South site had been exposed for 
a longer period than Loveday North, acid-volatile sulfur was preserved only at depth. 
The concentration of acid volatile sulfur at Mussel Lagoon was minimal in 2008, with no more 
than 30 mg/kg of acid volatile sulfur detected at this site. The low AVS content was presumably 
due to the long period of exposure of the sediments at Mussel Lagoon at that time. The site was 
also very acidic in 2008 (pH = 3.25), consistent with the oxidation of previously reduced sulfur 
content.   
When Mussel Lagoon was sampled in 2010, there was a layer of monosulfide overlying the 
wetland sediments. The AVS content of this layer was ~1100 mg/kg, which is comparable to the 
inundated sites at Loveday; the CRS content was ~2200 mg/kg.   
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The presence of sulfides in the freshwater environment of Mussel Lagoon was unexpected, as it 
has been hypothesised in previous studies  that salinity resulted in sulfide precipitation in 
floodplain wetlands through the inhibition of competition between sulfate reducing and 
methanogenic bacteria (Hall et al., 2006a; Hall et al., 2006b; Lamontagne et al., 2004). 
The concentration of total reduced inorganic sulfur (CRS) in the sediments collected from Mussel 
Lagoon and the Loveday Disposal Basin were spatially heterogeneous. Similar to the AVS 
concentrations, the concentrations of CRS were dependent on the length of time to which the 
sediments had been exposed to the atmosphere. For the Loveday North sites, both the Museum 
site and 205, there was a significant quantity of pyrite in the sediments between 5 and 40 cm 
depth, preserved by the water cover at these sites:  the Museum site is permanently inundated, 
while the 205 site, when sampled in 2008 and 2010, had only recently been exposed to the 
atmosphere. The distribution of CRS at the 400 sites shows the effect of drying and oxidation of 
these sediments. The concentrations of CRS are considerably lower at these sites, with ~900 
mg/kg of reduced sulfur, about a quarter of the amount found in the North Basin. The 400 sites 
were more acidic as well, consistent with continued oxidation of the sulfidic material in the South 
Basin leading to the formation of acid sulfate materials.  
 Nutrient Stores 
The bulk nutrient concentrations in Mussel Lagoon and the Loveday Disposal Basin are no higher 
than that found in most soils (Rayment and Lyons, 2010). There is an exception for the Loveday 
North site (400), where the values were double those found elsewhere in Loveday or Mussel 
Lagoon. The experimental studies on Mussel Lagoon and the Loveday Disposal Basin, which are 
discussed below, suggest that the sediments are not enriched in phosphorus and nitrogen, little of 
these are fixed, and that more of the phosphorus at Mussel Lagoon is soluble under reducing 
conditions and readily available. For the Loveday Disposal Basin, the nitrogen is more soluble 
than the phosphorus due to the salinity, which results in phosphorus forming complexes with 
calcium and becoming less soluble.   
 Berri Evaporation Basin 
A detailed characterisation of this site was not undertaken, but the data is presented and discussed 
for comparison with the Loveday Disposal Basin. 
6.4.1. Salinity 
The EC in the Berri Evaporation Basin was 30 mS/cm at the surface, due to the concentration of 
evaporite minerals, but decreased with depth to 2.78 mS/cm at 30 cm.  
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The Berri Evaporation Basin is hypersaline, and contains aragonite, gypsum and halite 
(Lamontagne et al., 2004) . The surface waters were not as saline as those found at Loveday.  
6.4.2. Actual And potential Acidity 
Reduced sulfur was abundant in the Berri Evaporation Basin, at concentrations higher than those 
found at Loveday.  
To maintain the water level of the Berri Evaporation Basin below that of the nearby River 
Murray, water is pumped from the Berri Basin into the Noora Salt Disposal Basin (cf. Section 
3.2.2)(Hostetler and Radke, 1995). Given the export of water and the associated removal of 
alkalinity from the system, there was the potential for the sediments to develop acid sulfate 
materials.  
The pH values obtained for the Berri Evaporation Basin were all above 7.5. The pH for the 
surface samples were above 8, and the high total carbon in these samples suggests the presence of 
a high concentration of carbonate minerals in these samples, which would reduce the acid-
generating impact of the any sulfide oxidation. It is thus unlikely that sulfate acidity would form 
in these sediments. X-ray diffraction data for the sediments at the Berri Evaporation Basin 
gathered by Lamontagne et. al. (2004) noted that the evaporite minerals were dominated by halite 
and aragonite, which is in contrast to the salinity at the Loveday Disposal Basin which is 
dominated by halite and gypsum (Higgins, 2006). The presence of aragonite in the salt crust at the 
basin is an effective buffer against acidity generation at the basin.  
The reduced sulfur concentration in the sediments at the Berri Evaporation Basin was among the 
highest found in this study. The CRS values were on the order of 7500 mg/kg, which is 
comparable to the sites at Loveday that had not been exposed, the Museum site and 205 site. 
However, the acid-volatile sulfur content of the sediments was lower than those found at 
Loveday, implying that the acid–volatile fraction had recrystallised as pyrite, which is more 
stable. The highest concentrations were found at the surface of the basin (200 mg/kg).  
6.4.3. Nutrient stores 
The sediments at the Berri Evaporation Basin contained much higher concentrations of nitrogen 
and phosphorus than those at Mussel Lagoon, the Museum site and Loveday South, but only 
slighter higher than those found in Loveday North. The reason for this may be that the Berri 
Evaporation Basin is still being used as a salt disposal basin and is receiving runoff form irrigated 
farmland.  
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 Experimental Studies 
Prior to this project, monitoring during the experimental reflooding and other research had 
focused on the salinity as well as the quantity of reduced sulfur in the wetland sediments. The 
oxidation of sulfide and associated potential for acid generation had been studied, but little 
research had been undertaken on fixation of sulfur by reduction in these systems, particularly the 
rate at which sulfides formed and the effect sulfide formation may have on the cycling of 
nutrients.  
6.5.1. Sulfide Production Rates 
A major aim of this study was to determine the rates at which sulfide minerals were forming in 
the sediments, and from that data to infer the rates of sulfate reduction. The formation of both 
total reduced sulfur and acid-volatile sulfur was measured at the same time. Given that acid-
volatile sulfur is metastable and transient, its presence indicates ongoing sulfate reduction and 
sulfide mineral formation. Except for Loveday North sample, there was a lag or dormant period of 
approximately 3 days until the presence of acid-volatile sulfur was detected during the 
experimental studies, following by a linear trend indicative of zero-kinetics.  
The highest sulfide production rates were found in the Berri Evaporation Basin and Mussel 
Lagoon samples collected from the field. The rates measured for the Loveday Disposal Basin 
were the same for both the North and South sub-basins. The water used in these experiments was 
deoxygenated, but no agent was used to reduce the redox potential, meaning that redox conditions 
conducive to sulfate reduction and anaerobic metabolism would need to be created through 
aerobic reactions at higher trophic levels, for example by sulfide oxidation. Another reason for the 
differing production rates could be that the Loveday Disposal Basin was dry at the time of 
sampling, so the samples may not have been ‘fresh’ and the microbial population may not have 
been as high as those in the Mussel Lagoon and Berri samples.  
6.5.2. Nutrient Cycling 
The overall aim of this project was to tie in the cycling of nutrients to the cycling of sulfur. Given 
the elevated sulfate concentrations in the wetlands samples, there is a hypothesis that the amount 
of organic carbon, utilised as an energy source and reductant in anaerobic metabolism in these 
systems, was controlling the rates of sulfate reduction and hence, the accumulation of sulfide in 
these wetlands.  
The nutrient (nitrogen and phosphorus) contents of the sediments are within the range present in 
most soils (Rayment, 1992). The nutrient stores for the Berri Evaporation Basin are higher than 
those encountered elsewhere at the Loveday Disposal Basin and Mussel Lagoon.   
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The mobilisation of phosphorus from the sediments when anoxia was induced showed different 
responses between samples studied in-vitro from the different wetlands. There was a pronounced 
pulse of phosphorus from the sediments from Mussel Lagoon, but more modest pulses from 
Loveday and Berri. The reduced phosphate mobility at Loveday and Berri appears to be due to the 
salinity. The high calcium content in water at those sites may be immobilising the phosphate 
through the formation of insoluble calcium phosphate minerals. The speciation of phosphate  
There was no nitrate detected in any of the experiments, which was expected given the low Eh, so 
all nitrogen measured was in the reduced state (ammonium). A pulse of ammonium during 
reduction was observed, and this was most pronounced for the samples from the Loveday 
Disposal Basin, with more subdued pulses from Mussel Lagoon and the Berri Evaporation Basin. 
The pulse of ammonium is unrelated to the reduction of sulfur and iron, with the pulse of 
ammonium being a result of the decomposition of organic matter and microbial metabolism.  
The pulse of phosphate corresponded with the liberation of iron, as well as the formation of AVS, 
suggesting that the solubility of phosphorus was enhanced by the reductive transformations of 
iron and sulfur, which destabilised insoluble Fe3+ phases that adsorbed phosphate.  
6.5.3. Iron Mobilisation 
The reduction of iron can occur biotically through microbial metabolism, or through abiotic 
pathways. The mobilisation of iron from the sediments when sulfide production was induced in 
the laboratory was most pronounced for Mussel Lagoon and Loveday South samples. The 
concentrations of ferrous iron for Loveday North and the Berri Evaporation Basin were much 
lower.  
Mussel Lagoon and Loveday South samples had much lower pH values than those from Loveday 
North and the Berri Evaporation Basin, correlating with a greater degree of oxidation of sulfide 
originally present in the sediments. Despite the higher rates of sulfide production at Mussel 
Lagoon, the amount of iron was in excess of that required to produce sulfide minerals, and the 
sulfide produced was not an effective buffer against iron liberation from the sediments.  
It cannot be determined based on the data gathered if the reduction of iron minerals and the 
subsequent liberation reduced iron is abiotic or biotic. The pulse of phosphate from the sediments 
also corresponded to the liberation of reduced iron, suggesting that phosphate sorbed to iron 
(oxyhydr)oxides and hydroxysulfates or present in vivianite and strengite was liberated following 
iron reduction, which may influence the trophic status of these systems. Although the speciation 
of phosphate is pH dependent 
The mobilisation of metals as a result of redox processes in sulfur-bearing sediments is a known 
environmental problem (Burton et al., 2008; Simpson, 2008), and the experimental data obtained 
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from Mussel Lagoon samples show substantial mobilisation of iron when sulfuric material is 
inundated. Mobilisation coincides with the reduction and dissolution of insoluble/adsorbent Fe3+ 
phases and the production of sulfide. Experimental data obtained from Mussel Lagoon suggests 
that in some cases, there may be insufficient sulfide to prevent the mobility of metals, so heavy 
metals may remain in solution.  
 Conceptual Models 
The initial hypothesis was that the onset of a reduced redox potential, brought about by the 
inundation of wetland sediments and the subsequent formation of sulfide minerals, may result in 
the liberation of phosphorus from the sediments into the overlying water column, and lead to algal 
blooms. If the concentration of organic carbon limits the rate of microbial sulfate reduction, then 
the pulse of nutrients from the sediments may lead to increased production of reduced sulfur 
through microbial metabolism. Experimental data gathered as part of this research project is 
supporting this hypothesis. It should be noted that organic carbon was not quantified, so the 
conceptual models are   
The data gathered suggests that the response to inundation of the freshwater system, Mussel 
Lagoon is different from that of the saline systems of the Loveday Disposal Basin and Berri 
Evaporation Basin. The differences are a function of the differing physicochemical properties of 
the two different systems, particularly their salinity and acidity.  
6.6.1. Concurrent Phosphorus and Iron mobility 
Mobilisation of iron and phosphorus correlated with the formation of sulfide. This arises because 
inundation leads to reduction of iron and sulfur; the former results in dissolution of ferric iron 
(oxyhydr)oxides, liberating adsorbed phosphorus.  
The effect of these nutrient pulses will be rapid algal growth in all sites sampled. The difference 
between the sites is the limiting nutrient. For the Loveday Disposal Basin and the Berri 
Evaporation Basin, phosphorus limits the growth of algae. For Mussel Lagoon, given the high 
phosphorus concentration, nitrogen (ammonium) is limiting. This is despite the much greater 
sensitivity of algae to P concentration. The effect of this difference is in the amount of algae 
which could be produced at each site. According to the Redfield ratio (Redfield, 1934; Redfield, 
1958), 1 mole of phosphate has the potential to generate 106 moles of reduced carbon (as biota), 
whereas 16 moles of nitrogen, either as nitrate or ammonium, are need to produce an equivalent 
amount. Therefore, the potential for algal blooms will be much greater at the Loveday and Berri 
sites.  
Given the high sulfate concentrations in all three wetlands, the increased algal growth and 
subsequent availability of energy sources for microbial metabolism would increase the rate of 
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sulfide production. This implies that sulfate reduction may lead to positive feedback, where the 
conditions conducive for high rates of sulfate reduction are actually promoted by sulfate 
reduction. 
6.6.2. Acidity Generation and Environmental Mineralogy 
For the two salt disposal basins, the generation of acidity would be buffered to some extent by 
calcite and aragonite present in the sediments (Lamontagne et al., 2004; Wallace et al., 2008). 
However, there may be the potential for acid sulfate materials to form in the Loveday Disposal 
Basin. A horizon of sulfide-rich sediments with a low pH exists in the wetland at approximately 
30-40 cm depth.  
Introducing a wetting-drying régime on the salt disposal basins may actually increase the 
heterogeneity in the spatial distribution of evaporite minerals. Of particular concern is the 
distribution of carbonates. The carbonate minerals have very low solubilities, and the repeated 
dissolution and concentration of these minerals during wetting-drying cycles may result in these 
minerals being deposited around the margins and at the surface of the sediments. Previous 
research has highlighted the spatial heterogeneity in the stores of reduced sulfur and inorganic 
carbon (Wallace et al., 2008), and the already low pH of the sediments at ~30 cm depth indicate 
that theses sediments may become acid sulfate materials with prolonged oxidation.  
The steep pH gradients observed in the sediments at Loveday, and the quantity of reduced sulfur 
that was present in the sediments below the surface, suggest that there is the potential for the 
sediments at Loveday to become acid-sulfate with prolonged exposure to the atmosphere. The 
distribution of carbonate minerals will be impacted upon by the introduction of wetting-drying 
cycles, increasing the risk of sulfuric material forming.  
6.6.3. Mussel Lagoon 
Mussel Lagoon was acidic at the time of sampling in 2008. The system had recovered to near-
neutral pH values during the 2010 sampling period, at which time the Lagoon was inundated.  
Given that Mussel Lagoon had some degree of connectivity, through the unauthorised discharge 
of water into Loveday from the Murray River and the experimental flooding, much of the 
alkalinity generated during sulfate reduction would have been flushed from this system into the 
Loveday South Basin through the surface networks. The retention of the alkalinity generated from 
sulfate reduction in the wetlands is vital to provide the necessary buffering capacity that will 
minimise acid generation during oxidation.  
As noted in Section 3.2.2, Mussel Lagoon has a different degree of hydrologic connectivity than 
the Loveday and Berri Basins. Loveday Disposal Basin and Evaporation Basin are essentially 
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terminal systems due to the operation of engineering structures and their elevations relative to the 
Murray River and surrounding floodplain.  Mussel Lagoon is connected to the Loveday Disposal 
Basin, so the filling of the Loveday Basin during the experimental reflooding involved water 
flowing from the Murray River through Mussel Lagoon. There is also a history of unauthorised 
releases of water into Mussel Lagoon and the Loveday Disposal Basin through vandalism of the 
Mussel Lagoon regulator. Mussel Lagoon also has a hydrological régime managed to mimic the 
natural cycle of wetting and drying. The effect of this may have been to export alkalinity 
generated from microbial metabolism, resulting in the formation of acid sulfate materials after the 
Lagoon dried out in 2008.  
Following the formation of sulfuric material, the wetland recovered following inundation. The pH 
values of the water samples collected in 2010 were circum-neutral, (pH > 6), indicating that the 
system did not remain acidic when the sediments were inundated and the autocatalytic reactions 
of ferric iron with pyrite did not occur. Field observations in 2010 indicated a noticeable amount 
of black ooze, composed of iron monosulfide and pyrite, which had precipitated and formed a 
layer over the Lagoon’s base sediments. Given that the experimental work on the sediments 
showed high iron concentrations when sulfide production was induced, iron-sulfide would form in 
suspension and precipitate, rather than forming in-situ within the sediments as seen at Loveday 
and Berri.  
The high sulfate concentration associated with acidic conditions in the sediments prior to 
resuspension would have affected the mineralogy through the formation of schwertmannite over 
the formation of goethite. Schwertmannite (ca. Fe3+8O8(OH)6(SO4)) is metastable with respect to 
goethite, but its formation is kinetically favoured in the presence of high sulfate, which is an 
essential constituent of the mineral. The specific surface area of the two minerals differ from 125-
225 m2/g for schwertmannite (natural samples; (Bigham et al., 1990) and  ~8-200 m2/g (Cornell 
and Schwertmann, 2003). Both minerals are potentially available as sources for iron reduction in 
these environments, but schwertmannite precipitates at pH of 2.6 to 4, transforming to goethite at 
higher pH values, pH > 6. Schwertmannite would be bacterially reduced according to the 
following reaction mechanism shown in Equation 6.1: 
𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐹𝐹𝐹𝐹8𝑂𝑂8(𝑂𝑂𝐻𝐻)6(𝑆𝑆𝑂𝑂4)(𝑠𝑠) + 12𝐻𝐻+ → 2𝐻𝐻𝐶𝐶𝑂𝑂3− + 8𝐹𝐹𝐹𝐹2+ + 𝑆𝑆𝑂𝑂42− + 10𝐻𝐻2𝑂𝑂 (6.1) 
 
The dissolution of schwertmannite and other iron (oxyhydr)oxides would also explain the 
liberation of iron found in the experiments from Mussel Lagoon. Despite the higher rates of 
sulfide production for this wetland, some iron remained in solution, indicating that the amount of 
sulfide formed was insufficient to immobilise all the iron. 
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Two conceptual models have been developed for Mussel Lagoon. The first, Figure 6-1, focuses 
on the impact of a prolonged drying phase on the wetland, and the second, Figure 6-2, focuses on 
the impacts of these sediments being inundated.  
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Figure 6-1: Conceptual model for the drying of Mussel Lagoon 
Upon drying as the water table recedes deeper in to the sediments and oxygen can access the reduced sulfur in the sediments, the sediments at Mussel Lagoon will 
become sulfuric, with the formation of schwertmannite favoured over goethite in the acidic hot spots. Phosphate will adsorb to these minerals or form insoluble 
iron phosphate minerals. 
FeOOH~PO4 and  FePO4·2H2O 
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Figure 6-2: Conceptual Model for the inundation of Mussel Lagoon 
On inundation, there will be a brief period where the redox potential is high. After anoxia is induced, the iron (oxyhydr)oxides and iron hydroxysulfates will 
dissolve and liberate reduced iron and phosphate. As the phosphate concentrations are so high, the ammonium released is the main control on algal growth. Some 
of the reduced iron will precipitate as iron monosulfide and ultimately pyrite. 
110 
 
111 
6.6.4. Loveday Disposal Basin and Berri Evaporation 
Basin 
Due to the elevated salinity, particularly calcium, the liberation of phosphorus from the sediments 
following inundation from the sediments from the disposal basins is more subdued than that seen 
for the sediments from Mussel Lagoon. The calcium present in both wetlands would impact on 
the solubility of phosphate ions in solution through the formation of calcium phosphate (likely as 
apatite), which is insoluble. In terms of carbon and nutrient cycling, the conceptual model for both 
of the saline wetlands when inundated is identical and is shown in Figure 6-3. The conceptual 
model for the drying of the sediments from the Loveday Disposal Basin, shown in Figure 6-4, will 
differ due to the clay mineralogy and physical properties of the sediments, which will impact on 
the sulfur cycling. 
For the nutrient and carbon cycling for the saline wetlands, upon inundation there will be a period 
of high redox potential, however when the redox potential falls and anoxia is induced, there will 
be a pulse of ammonium into the overlying water column and after sulfate reduction begins, there 
will be a modest pulse of phosphate. The ammonium concentrations for the Loveday sediments 
following experimental resuspension were considerably higher than that seen at Mussel Lagoon. 
Given the high ammonium concentrations and low phosphate concentrations in these two saline 
wetlands, the phosphate liberated during resuspension and inundation would be rapidly cycled 
into the production of organic matter leading to algal blooms. The organic matter coupled with the 
high sulfate concentrations will lead to higher rates of sulfate reduction and the formation of 
sulfidic material.  
The shrink-swell characteristics of the sediments at the Loveday Disposal Basin influence the 
changes to the sediments upon drying. The network of desiccation cracks that forms in the 
sediments creates a preferential pathway for oxygen to penetrate the sediments leading to the 
oxidation of the sulfidic material present. Given that these horizons comprised sulfuric material 
when sampled in 2008, and again in 2010 there is a risk that these horizons in the basin may 
become sulfuric material when exposed for a prolonged period of time.  
There is very little risk of the sediments at the Berri Basin becoming acidic due to the very high 
concentration of aragonite found in the sediments which should buffer against any acidity 
produced. The surface sediments and those at depth at depth (~30cm) are alkaline with a pH 
above 8.  
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Figure 6-3: Conceptual model for the inundation of sediments at the Loveday Disposal Basin and the Berri Evaporation Basin 
When the sediments from the Loveday and Berri Basins are inundated, gypsum precipitated at the surface dissolves. When anoxia is induced, the organic carbon 
from   primary productivity provides an energy source for sulfate and iron reduction. Phosphate and ammonium are liberated and contribute to the formation of 
algae, which in turn results in higher rates of sulfate and iron reduction. Given the high calcium concentrations in these sediments, some of the phosphate may be 
occluded by the formation of apatite group minerals. 
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Figure 6-4: Conceptual model for the drying of the Loveday Disposal Basin. 
On drying, the desiccation cracks what form in the sediments at the Loveday Disposal Basin will allow oxygen to penetrate into the sediments. The thin horizon 
of sulfidic material will oxidise and may lead to the formation of sulfates. The pH of the sediments at the time of sampling was <5, indicating that there is very 
little potential for the acidity generated to be buffered. 
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 Management Implications 
One of the main management strategies proposed for sulfidic material in inland aquatic 
ecosystems is to reinstate the natural flow régime through managed cycles of wetting and drying. 
The experimental studies in this project sought to address how quickly these systems responded to 
change, particularly the sulfur and nutrient cycles.  
6.7.1. Consequences of Sulfur Cycling 
One of the aims of reinstating the natural rhythm of wetting-drying in these ecosystems is to 
minimise the formation of sulfides. In the experimental studies of this project, once the redox 
potential was lowered and anoxia was achieved, there was a sudden and rapid accumulation of 
sulfide in the sediments.  
A wetting-drying cycle imposed on these systems would need to consider the rapid accumulation 
of reduced sulfur, once the redox potential falls and anoxia is attained at the sediment-water 
interface.  
The other issue with the formation of sulfidic material when the wetlands are inundated is the 
changes in the cycling of nutrients in these systems. Bacterial sulfate reduction requires sulfate as 
a sulfur source and organic carbon to occur. In the systems studied, the sulfate concentrations 
were high, so it is unlikely that sulfate is limiting the rate of sulfate reduction.  
Whilst the formation of sulfides is mediated by the presence of bacteria, it also depends on the 
supply of reactive iron (soluble Fe2+), supplied from the reduction of oxidised iron minerals such 
as goethite. The reduction of goethite can be either abiotic or biotic. During the experimental 
studies, only two sites showed the liberation of an appreciable concentration of iron. These were 
the Mussel Lagoon and 400 sites which both had sediments a pH below 5. The liberation of iron 
was the highest from these acidic sediments in the experimental studies as iron is more soluble at 
a lower pH. From the experimental data it is unknown whether iron dissolution was biotic or 
abiotic, but it was clearly influenced by the shift in redox potential.   
For the Berri Evaporation Basin and 200 sites at Loveday, the liberation of iron was more 
subdued. The chromium reducible sulfide concentration in these samples was high, meaning that 
the iron was already bound in the sediments as sulfide and could not be reductively solubilised.  
6.7.2. Nutrient Cycling 
The cycling of nutrients in these systems is influenced heavily by the cycling of sulfur and the 
formation of sulfides, which may ultimately increase the primary productivity of these systems. 
Once anoxia has been induced, the reduction of Fe3+ (oxyhydr)oxides, either biotically or 
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abiotically, allows for phosphate to be liberated from the sediments. At the same time, ammonium 
will be liberated, either through the decomposition of organic matter or microbial metabolism.  
In terms of nitrogen and phosphorus cycling, there were 2 distinct responses to inundation. In the 
freshwater sediments of Mussel Lagoon, the pulse of phosphate was much greater than that 
observed at the significantly more saline Loveday and Berri Basins. However, the pulse of 
nitrogen was considerably lower, so it is likely that nitrogen is limiting the algal growth at Mussel 
Lagoon, whereas for Loveday and Berri, the limiting factor is phosphate.  
When wetland sediments have been exposed due to a period of drying, either induced through 
water resource management or a result of drought, and are then subjected to a wetting phase, there 
is a significant pulse of nutrients from the sediments, which results in the eutrophic conditions 
seen at the two salt disposal basins studied.  
The large nutrient pulses resulting from reduction of ferric iron and thus correlating with sulfide 
precipitation  leads to algal blooms, which in turn facilitate sulfate reduction and thus further 
accumulation of reduced sulfur.  
6.7.3. Salinity and Potential Acidity 
Repeated cycles of wetting and drying may complicate the issues associated with sulfur-bearing 
material at the Loveday Disposal Basin through their effect on evaporite minerals. Due to their 
low solubilities, calcite, aragonite and dolomite may be preferentially deposited at the surface and 
around the margins of the basin, leading to the export of alkalinity away from sulfide-rich areas, 
which thus are more likely to become acidic on oxidation (Wallace et al., 2008). This process has 
been observed at the Loveday Disposal Basin. Carbonate minerals are deposited as a salt crust on 
the surface of the basin as well around the margins of the wetland during a drying cycle, with 
repeated cycles resulting in a ‘bulls eye’ pattern of concentric zonation in the basin, with 
carbonates around the margins, gypsum following and a core composed of halite (Langmuir, 
1997; Shaw and Bryant, 2011). However, there is a significant quantity of sulfide in the 
subsurface sediments, which have in places become acidic upon exposure and oxidation. There 
will also be the same effect if management strategies to reduce salinity are introduced and water is 
exported from the system. Whilst Mussel Lagoon is not as saline as Loveday or Berri, the export 
of water and alkalinity from the system may have led to the formation of acid sulfate materials. 
Conversely, water is exported from the Berri Evaporation Basin, but there appears to be little 
effect of this on the acidity of the sediments. Carbonate minerals have low solubilities, compared 
to halite and gypsum, so the volumes of water received by the basin may not be enough to result 
in the dissolution of carbonate minerals. Mussel Lagoon is a freshwater wetland, so precipitation 
of carbonate would not be expected.  
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Any potential changes to the hydrological régime in these wetlands and other wetlands containing 
environmentally significant quantities of sulfur-bearing material will need to account for these 
potential effects.  
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Chapter 7. Conclusions 
Past water resource management strategies have changed the biogeochemical cycling in 
floodplain wetlands. Permanent water cover in low-lying floodplain areas has changed the carbon 
cycle in these environments. Coupled with rising salinity, in particular sulfate pollution, the more 
labile form of carbon has allowed microbial metabolism to play a larger role in the 
biogeochemical cycles of floodplain wetlands.  
This study has highlighted the effect that changing the hydrological régime can have on salinity 
and the biogeochemical cycles of iron, sulfur, nitrogen and phosphorus within floodplain 
wetlands. Water resource management strategies need to encompass these changes as the 
implications of this study are that the inundation of sulfidic sediments may neutralise acidity, but 
may also increase the quantity of sulfide present in these waterways. 
Changes in the redox potential, brought about by the inundation of these sediments after a drying 
phase, exert considerable influence on the cycling of nutrients. Due to the elevated sulfate 
concentrations, it is hypothesised that the rate at which sulfidic material form in these systems is 
limited by the supply of readily metabolisable organic matter formed during primary production. 
In turn, the cycling of nutrients resulting from the formation of these same sulfidic material may 
trigger algal blooms leading to the rapid accumulation of sulfidic material. This positive feedback 
process is of considerable significance to future managers.  
Management strategies, for example, which aim to reinstitute a natural cycle of wetting and 
drying on these aquatic ecosystems, may compound the acidity risk associated with the presence 
of sulfide through its influence on salinity. Furthermore, repeated cycles of wetting and drying 
redistribute carbonate minerals away from areas where sulfide accumulates, resulting in a net 
deficit of acid-neutralising capacity where it is desirable, and lead to the formation of acid sulfate 
soils with sulfuric material.  
 Response of the Sediments to 
Inundation 
Management strategies aimed at reducing the formation of sulfides through the imposition of 
wetting-drying cycles will need to account for the rapid response of the sediments to 
resuspension. Whilst these studies were ‘bench top’ laboratory experiments, at the wetland scale, 
the response would be comparatively fast and significant quantities of sulfide would accumulate 
in weeks to months following inundation. The algal growth would also be rapid.  This has been 
demonstrated at the Loveday Disposal Basin where experimental reflooding in May and June 
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2006 for the North and South Basins respectively, was followed by the generation of algal mats, 
noted by Lamontagne et. al. (2008), in October 2006.  
 Physicochemical Properties of the 
Sediments 
The changes in water chemistry brought about through the inundation of the sediments depended 
on their physicochemical properties. The extent of these changes was related to the pH and 
salinity of the sediments, with the pulses of iron being higher in the more acidic samples, and the 
pulse of phosphate being more pronounced in Mussel Lagoon where the salinity was significantly 
lower.  
These changes following inundation result from the changes in redox potential at the sediment - 
water interface. If the sediments contain significant quantities of sulfidic material, particularly 
AVS (metastable, reactive iron monosulfide), the shift in redox from high potential to low 
potential will be rapid as this material will oxidise and lower the redox potential more rapidly than 
would occur from respiration alone. Ideally, management strategies aimed at reducing the 
quantity of reduced sulfur in floodplain wetlands need to not only consider the frequency of 
wetting and drying cycles, as noted above, but also the timing. This may be achieved by exposing 
the sediments to the atmosphere to reduce the quantity of reduced sulfur present in the sediments, 
which would prolong the onset of anoxia. By contrast, the wetting cycle should have a rapid onset 
and be of short duration. A prolonged wetting cycle will induce anoxia, and when this occurs the 
positive feedback of sulfate reduction and algal growth will result in the rapid accumulation of 
sulfidic material.  
Wetting and drying cycles will also need to account for the solubility of carbonate minerals, 
which may lead to a heterogeneous distribution of carbonate and acid neutralising capacity away 
from areas of high sulfide content.  This may ultimately lead to the formation of acid sulfate soil 
with sulfuric material in saline wetlands. 
The effect of sulfur cycling in these wetland ecosystems has been to enhance the productivity of 
these ecosystems. This in turn has led to positive feedback where the conditions conducive to the 
accumulation of sulfide are maintained and enhanced when the sediments are inundated.  The 
research suggests that whilst the sediments are not unusually enriched in nutrients, the solubility 
of phosphorus and nitrogen, as phosphate and ammonium respectively, is enhanced by the onset 
of anoxia and anaerobic metabolism through iron and are established in freshwater wetlands, 
sulfur cycling can become the dominant biogeochemical cycle in these systems. 
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 Future Research 
This research has identified a potential feedback process involving the onset of anoxia and the 
liberation of nutrients from sediments when inundated. Future research needs to be focused on the 
cycling of carbon in these systems. The cycling of carbon was touched on superficially in this 
project. The potential trigger for the rapid accumulation of reduced sulfur in these inland systems 
is the availability of metabolisable organic carbon. It needs to be determined if carbon is limiting 
the rate of sulfate reduction in these systems.  
The experiments conducted for this research, were small scale, benchtop microcosms under 
controlled conditions. In reality, the inundation of the sediments found in inland ecosystems will 
not occur with deoxygenated water. Larger scale experiments, designed to replicate the field 
environment need to be conducted. The apparatus used to achieve these conditions imposed 
limitations on what variables could be measured during the experimental work. Encouraging 
microbial sulfate reduction, due to the formation of inorganic carbon, is used in management 
strategies to combat the acidity generated through the oxidation of sulfide minerals. The effect of 
microbial sulfate reduction on the pH of the waters and sediments was not determined in this 
study.  
During the kinetics experiments, there was an appreciable quantity of ferrous iron liberated from 
the sediments, which remained in solution to the end of the experiments. The observance of 
ferrous iron in solution was most pronounced in the Mussel Lagoon sample and the Loveday 
South (400) sample, with more modest amounts of ferrous iron mobilized from Loveday North 
(200) and Berri samples. Mussel Lagoon and Loveday North were acidic, which may explain the 
mobilization of iron from these sediments. Further research needs to be conducted into the 
mobilization of other metals from the sediments when they are inundated and the redox potential 
is lowered.   
The proposed future research, if completed, would allow for a more complete conceptual model to 
be developed with regard to the onset of anoxia in these inland systems and would allow land 
managers to allocate increasingly scarce resources to managing the problem of sulfidic material in 
floodplain wetlands in the Murray-Darling Basin.  
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Appendix A. Analytical Data 
 
Table A-1: Major cation and anion concentrations in sediments  
Site Ca 
(mg/kg) 
K 
(mg/kg) 
Mg 
(mg/kg) 
Na   
(mg/kg) 
Cl 
(mg/kg) 
SO4 
(mg/kg) 
402 50 58 12 49 2850 3660 983 
WNH3 0-5 5190 565 9830 37836 88165 2361
7 
ML1 Surf 2787 174 1292 1914 2491 1378
4 
204 S 4747 275 6499 40288 75374 2405
2 
Muse 4 442 0 227 2624 3305 1467 
Muse 1 1961 154 2477 17961 31837 8623 
403 0-5 4875 315 6768 79675 12530
8 
3164
2 
402 20-30 582 53 392 5578 6955 4869 
ML2 0-10 9 0 3 8 557 2386 
WNH2 S 8998 183 6196 27870 65648 1219
4 
MUSE 2 905 116 1105 11391 18675 3437 
205 WT 483 32 352 5935 7504 3319 
WNH1 0-10 918 46 730 4777 8987 2611 
401 0-5 6797 245 4492 53727 10903
6 
1660
7 
203 0-5 4111 94 2742 21381 39180 1319
1 
402 110 47 0 41 2967 3724 1003 
ML1 50 103 301 192 251 94 209 
ML1 140 5 27 10 213 139 146 
ML1 100 201 497 406 318 95 108 
Murray 41 18 40 240 359 79 
Mussel 
Inlet 
36 18 40 274 429 70 
Sth Mussel 39 17 42 287 416 67 
133 
 
134 
Muse 3 133 13 109 2527 3138 1710 
202 S 1014
9 
407 14104 53445 12615
9 
1588
3 
205 40-50 150 17 121 2912 3048 1449 
402 0-10 2457 233 2749 23113 41679 1058
3 
205 20-30 1216 68 766 7534 10792 6062 
001-2 S 5911 124 4706 27925 59227 1437
7 
205 0-5 4010 354 5304 42126 71703 2920
1 
402 80-90 602 23 275 5452 6694 3728 
WNH4-1 4114 369 5637 33533 67130 1791
0 
WNH5-1 1428 284 3115 29142 52697 5244 
001-J 0-4 4633 133 2048 11494 22690 1218
6 
  
Table A-2: Chromium reducible and Acid Volatile Sulfur 
Site CRS 
(mg/kg) 
AVS 
(mg/kg) 
Site CRS 
(mg/kg) 
AVS 
(mg/kg) 
001 2 
S 
353 40 ML1 
100 
532 16 
001J 
0-4 
1043 23 ML1 
140 
245 23 
202 S 1284 0 ML1 50 134 20 
203 S 1328 25 ML1 S 278 0 
204 
5-10 
9042 20 ML2 S 109 37 
204 S 2271 478 MUSE 
1 
2525 661 
205 
20-30 
4097 237 MUSE 
2 
10564 25 
205 
70 
306 24 MUSE 
3 
1200 372 
205 S 2149 313 MUSE 
4 
1146 44 
401 S 281 31 WNH1 
S 
173 0 
402 
20-30 
652 145 WNH2 
5-10 
220 57 
402 
50 
389 14 WNH2-
1 
1067 88 
402 S 899 15 WNH3 
S 
2584 94 
134 
 
135 
403 S 253 35 WNH4-
1 
8257 726 
   WNH5-
1 1 
5821 830 
   WNH5-
2 
5137 41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A-3: 1:5 EC and pH 
Site EC pH Site EC pH 
ML Bulk 1633µ 3.25 205 0-5 35.5 7.38 
ML peds 2973µ 3.84 203 5-10 12.53 7.45 
401 20-30 4.33 4.11 ML1 100 186.3µ 7.45 
ML1 Surf 4.96 4.11 204 30-40 10.51 7.46 
ML1 0-10 515µ 4.16 204 Surf 35.4 7.49 
402 20-30 4.64 4.19 Museum 1 
0-10 
16.92 7.49 
001J 15 4.58 4.32 ML1 30-40 110.2µ 7.5 
402 20-30 5.94 4.32 WNH5 1 27.89 7.5 
001J 15 6.23 4.38 ML1 130 128.8µ 7.55 
402 10-20 6.31 4.57 204 10 17.29 7.56 
001-2 10 3.87 4.84 001 2 50 3.49 7.57 
001J Surf 5.76 4.85 001 90-
100 
3.4 7.57 
001J Bulk 5.13 5.01 204 5-10 18.5 7.57 
202 5-10 9.87 5.09 205 5-10 15.72 7.57 
402 0-10 20.21 5.13 WNH4 20-
30 
7.93 7.58 
135 
 
136 
402 5-10 14.24 5.26 WNH4 3 3.18 7.59 
ML2 0-10 1331µ 5.63 202 Surf 67.6 7.62 
001 10-20 3.79 5.71 WNH2 100 2623µ 7.67 
WNH2 2 3.98 5.71 WNH4 30 3.9 7.67 
WNH2 5-10 5.71 5.9 401 0-5 29.18 7.68 
WNH1 50 2390µ 6.04 ML2 80 416µ 7.7 
401 5-10 14.5 6.08 001-2 100 2857µ 7.72 
202 20-30 4.18 6.17 203 WT 4.24 7.74 
ML2 Surf 490µ 6.24 WNH2 60 4.82 7.74 
ML1 10-20 102.6µ 6.49 001 60-80 2923µ 7.75 
WNH4 2 8.55 6.5 ML1 140 
WT 
185.1µ 7.79 
ML2 20-30 718µ 6.57 205 0-10 16.35 7.8 
001J 0-4 15.19 6.73 WNH3 WT 2449µ 7.82 
001 2 30 3.72 6.79 WNH5-3 2964µ 7.84 
ML1 50 156.4µ 6.79 001 2 120-
130 
3.32 7.93 
WNH1 10-20 3.29 6.85 001 2 Surf 30.8 7.93 
ML1 80 124.6µ 6.86 205 WT 4.9 7.95 
001J 28 2705µ 6.95 Museum 2 
10-48 
11.55 7.95 
ML2 Ox 528µ 7.04 WNN5 2 8.38 7.95 
WNH4 0-10 28.34 7.09 401 130  3.21 8 
001J 28 2566µ 7.14 WNH2 3 2055µ 8.02 
WNH3 5-10 18.29 7.16 402 50 4.25 8.04 
WNH1 0-10 6.04 7.18 Unknown 4.06 8.04 
ML1 120 166.8µ 7.19 402 WT + 3.9 8.05 
WNH1 WT 2761µ 7.2 Museum 4 
72+ 
2442µ 8.06 
402 surf 48.9 7.21 401 70 3.43 8.08 
403 5-10 22.65 7.24 ML1 120 181.6µ 8.08 
WNH1 ~70 2026µ 7.24 WNH2 1 31.7 8.13 
WNH1 WT+ 2401µ 7.24 205 20-30 7.33 8.14 
203 30-40 7.4 7.27 205 30-40 2453µ 8.14 
WNH3 0-5 39.5 7.27 WNH2 
Surf 
29.8 8.21 
WNH4 10-20 13.08 7.3 WNH2 30-
40 
2905µ 8.23 
WNH3 30-40 3.99 7.33 Ml2 165 166.4µ 8.26 
001J 50 2747µ 7.34 402 110 2706µ 8.28 
WNH4 1 31.4 7.35 Museum 3 
48-73 
2157µ 8.28 
202 WT 4.63 7.36 ML2 130-
140 
251.2µ 8.39 
001J 103 2333µ 7.37 203 0-5 21.39 8.4 
205 0-5 35.5 7.38 402 WT 3.52 8.41 
203 5-10 12.53 7.45 205 0-10 16.35 7.8 
ML1 100 186.3µ 7.45 WNH3 
WT 
2449µ 7.82 
204 30-40 10.51 7.46 WNH5-3 2964µ 7.84 
204 Surf 35.4 7.49 001 2 
120-130 
3.32 7.93 
136 
 
137 
Museum 1 0-10 16.92 7.49 001 2 
Surf 
30.8 7.93 
ML1 30-40 110.2µ 7.5 205 WT 4.9 7.95 
WNH5 1 27.89 7.5 Museum 
2 10-48 
11.55 7.95 
ML1 130 128.8µ 7.55 WNN5 2 8.38 7.95 
204 10 17.29 7.56 401 130 
Wt 
3.21 8 
001 2 50 3.49 7.57 WNH2 3 2055µ 8.02 
001 90-100 3.4 7.57 402 50 4.25 8.04 
204 5-10 18.5 7.57 Unknown 4.06 8.04 
205 5-10 15.72 7.57 402 WT + 3.9 8.05 
WNH4 20-30 7.93 7.58 Museum 
4 72+ 
2442µ 8.06 
WNH4 3 3.18 7.59 401 70 3.43 8.08 
202 Surf 67.6 7.62 ML1 120 181.6µ 8.08 
WNH2 100 2623µ 7.67 WNH2 1 31.7 8.13 
WNH4 30 3.9 7.67 205 20-30 7.33 8.14 
401 0-5 29.18 7.68 205 30-40 2453µ 8.14 
ML2 80 416µ 7.7 WNH2 
Surf 
29.8 8.21 
001-2 100 2857µ 7.72 WNH2 
30-40 
2905µ 8.23 
203 WT 4.24 7.74 Ml2 165 166.4µ 8.26 
WNH2 60 4.82 7.74 402 110 2706µ 8.28 
001 60-80 2923µ 7.75 Museum 
3 48-73 
2157µ 8.28 
ML1 140 WT 185.1µ 7.79 ML2 130-
140 
251.2µ 8.39 
205 0-10 16.35 7.8 203 0-5 21.39 8.4 
WNH3 WT 2449µ 7.82 402 WT 3.52 8.41 
WNH5-3 2964µ 7.84 205 90-
100 
3.17 8.47 
001 2 120-130 3.32 7.93 ML2 160-
165 
241.4µ 8.54 
001 2 Surf 30.8 7.93 205 40-50 2336µ 8.57 
205 WT 4.9 7.95 402 50-
100 LM+ 
3.39 8.65 
Museum 2 10-48 11.55 7.95 402 Nods 3.32 8.69 
WNN5 2 8.38 7.95 202 60-70 2166µ 8.79 
401 130 Wt 3.21 8 205 70+ 2105µ 8.84 
WNH2 3 2055µ 8.02 402 30-50 2795µ 8.96 
402 50 4.25 8.04 403S 5-10 61.8 8.96 
Unknown 4.06 8.04 402 50 2475µ 8.98 
402 WT + 3.9 8.05 
Museum 4 72+ 2442µ 8.06 
401 70 3.43 8.08 
ML1 120 181.6µ 8.08 
WNH2 1 31.7 8.13 
205 20-30 7.33 8.14 
205 30-40 2453µ 8.14 
WNH2 Surf 29.8 8.21 
WNH2 30-40 2905µ 8.23 
137 
 
138 
Ml2 165 166.4µ 8.26 
402 110 2706µ 8.28 
Museum 3 48-73 2157µ 8.28 
ML2 130-140 251.2µ 8.39 
203 0-5 21.39 8.4 
402 WT 3.52 8.41 
205 90-100 3.17 8.47 
ML2 160-165 241.4µ 8.54 
205 40-50 2336µ 8.57 
402 50-100 LM+ 3.39 8.65 
402 Nods 3.32 8.69 
202 60-70 2166µ 8.79 
205 70+ 2105µ 8.84 
402 30-50 2795µ 8.96 
403S 5-10 61.8 8.96 
402 50 2475µ 8.98 
 
 
 
 
 
 
 
 
 
Table A-4: Sediment Total Phosphorus Concentration 
Site TP 
(mg/kg) 
Site TP 
(mg/kg) 
ML1S 17
2 
4042-5 232 
ML1 
0-10 
17
5 
MLSC 212 
ML1 
50 
81 BEBS 534 
ML1 
140 
44 STDB 93 
ML1 
140C 
29 205SC 348 
402SC
1 
14
8 
205 5-
10 
338 
402SC
2 
15
2 
205 20-
30C 
222 
40210
C 
11
7 
205 30-
40C 
90 
138 
 
139 
402 
10 
17
6 
205 40-
50 
78 
402 
20-30 
79 MUSE2 415 
402 
20-30C1 
89 MUSE3 384 
402 
20-30 C2 
59 MUSE4
C? 
120 
402 
50 
74 
402 
80-90 
68 
402 
30-50 
62 
402 
110 
38 
402 
NOD 
60 
205 S 22
8 
205 0-
10 
23
5 
205 0-
5 
27
8 
205 
70+ 
56 
205 
WT 
12
6 
MUSE
1 
16
8 
MUSE 
1C 
15
6 
MUSE 
2 
20
6 
MUSE 
3C 
14
1 
MUSE 
3 
13
9 
MUSE 
4C 
78 
MUSE 
4 
78 
BEB 45
7 
B2 
FES 
33
4 
B2>30 11
7 
ML2-
5 
10
9 
139 
 
140 
ML>1
5 
88 
MUSE
5 
10
5 
MUSE
S 
12
04 
 
 
 
 
 
 
Table A-5: Sediment total nitrogen and carbon 
Site Total 
Nitrogen 
(mg/kg) 
Total 
Carbon 
(mg/kg) 
Sit
e 
Tot
al 
Nitrogen 
(m
g/kg) 
To
tal 
Carbon 
(
mg/kg) 
ML1 S 790 12
227 
MU
SE3 2010 
14
40 
25
664 
ML 1 0-10 116
7 
10
959 
MU
SE4???? 
2010 
14
27 
22
715 
ML1 50 258 29
59 
MU
SE 5 2010 
57
0 
84
48 
ML1 140 5 51
3 
ML
>15 
60
8 
59
98 
ML1 140C 21 32
3 
404 
2-5 
15
52 
15
160 
402 S 130
8 
11
425 
MU
SE S 2010 
11
458 
84
587 
402 SC 141
1 
12
289 
MU
SE2 2010 
22
53 
21
513 
402 10C 141
4 
12
857 
ML
2-5 
10
73 
10
769 
402 10 155
3 
14
202 
B2>30 543 7119 
402 20-30 443 48
12 
MLS C 2446 22940 
402 20-30C1 492 54
12 
402 20-30C2 409 53
61 
402 30-50 11 20
14 
402 50 190 12
99 
140 
 
141 
402 80-90C 226 18
65 
205 SURF 274
5 
27
712 
205 0-5 276
3 
28
128 
205 0-10 236
8 
27
608 
402 110 10 11
21 
402 NOD 24 11
85 
205 S 265
5 
26
973 
205 5-10 199
5 
19
666 
205 20-30 C 172
8 
22
326 
205 30-40 415 47
27 
205 40-50 350 37
47 
205 70+ 209 21
02 
205 WT 102
1 
10
360 
MUSE1 144
8 
17
477 
MUSE1 C 166
7 
20
489 
MUSE2 C 198
1 
20
071 
MUSE 3 472 51
88 
MUSE 3C 484 50
06 
MUSE4C 395 45
07 
MUSE4 395 42
56 
BEB 416
0 
65
693 
BEBS 2008 388
5 
80
263 
B2 FeS 348
0 
92
508 
 
Table A-6: Iron and orthophsophate from experimental studies 
Sample Fe     
(mg/l) 
PO4 
(mg/l) 
141 
 
142 
MLFe1 0.05 0.01 406Fe1 0.01 0.013 
MLFe2 0.1 0.012 406Fe2 0.02 0.013 
MLFe3 1.8 
 
406Fe3 0.02  
MLFe4 4.4 0.2 406Fe4 0.1 0.07 
MLFe5 1.8 0.5 406Fe5 0.1 0.077 
MLFe6 1.5 0.9 406Fe6 0.25 0.16 
MLFe7 12.7 1.5 406Fe7 1.3 0.165 
MLFe8 14.4 2.1 406Fe8 1.45 0.175 
MLFe9 15.6 2.79 406Fe9 2.33 0.188 
MLFe10 14.3 3.3 406Fe10 2.74 0.172 
MLFe11 13.4 7.7 
MLFe12 6.3 8.2 
MLFe13 
 
9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A-7: CRS and AVS with time from the experimental studies 
Sample CRS 
(mg/kg) 
AVS 
(mg/kg) 
MLFe1 205 0 
MLFe2 182 0 
MLFe3 168 21 
MLFe4 187 25 
MLFe5 206 45 
142 
 
143 
MLFe6 216 76 
MLFe7 220 105 
MLFe8 280 117 
MLFe9 280 132 
MLFe10 329 150 
406P1 74 0 
406P2 91 0 
406P3 127 0 
406P4 119 0 
406P5 143 29 
406P6 155 41 
406P7 176 43 
406P8 213 57 
406P9 223 59 
406P10 204 72 
206P1 139 0 
206P2 172 6 
206P3 175 22 
206P4 190 14 
206P5 202 26 
206P6 211  
206P7 241 69 
206P8 258 57 
206P9 283 65 
206P10 258 76 
B2P1 214 0 
B2P2 218 0 
B2P3 218 0 
B2P4 232 0 
B2P5 252 34 
B2P6 300 65 
B2P7 348 53 
B2P8 360 67 
B2P9 432 83 
B2P10 410 111 
 
 
 
 
 
Table A-8: Ammonium with time from experimental studies 
Sample  206 
 
 B2  
2060 0.1 4 B20 0.08 1.5 
2061 0.1 12 B21 0.09 2.4 
2062 0.2 11 B22 0.08 1.7 
2063 0.2 19 B23 0.09 2.5 
2064 0.3 24 B24 0.1 4.8 
143 
 
144 
2065 0.3 27 B25 0.1 6.0 
2068 0.4 30 B28 0.1 5.0 
2069 0.4 29 B29 0.1 5.4 
20610 0.4 34 B210 0.1 4.7 
20611 0.4 36 B211 0.1 4.6 
  406   ML  
4060 0.1157 4 ML0 12 3 
4061 0.1742 10 ML1 12 13 
4062 0.2216 15 ML2 14 14 
4063 0.3255 25 ML3 11 11 
4064 0.2506 18 ML5 12 15 
4065 0.2588 18 ML8 12 11 
4068 0.3241 25 ML10 19 11 
4069 0.2503 18 ML11 14 14 
40610 0.2496 17 
40611 0.3362 26 
 
144 
 
